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Axillary involvement is an important 
prognostic factor for breast cancer. 
This prospective study investigated 
the accuracy of preoperative tools in 
axillary staging; percutaneous needle 
biopsies, diffusion weighted imaging 
(DWI) and contrast-enhanced ultra-
sound (CEUS). This thesis revealed 
that core biopsy is more accurate 
than fine needle aspiration and it 
reduces the need for sentinel lymph 
node biopsy. Moreover, DWI and 
CEUS-guided biopsy, have moderate 
diagnostic properties but more stud-
ies will be needed before introducing 
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Breast cancer is the most common cancer among women in the industrial countries and the 
leading cause of cancer-related deaths in working-age women. Every ninth woman in 
Finland will be diagnosed with breast cancer during her life-time. Axillary involvement has 
been the single most important prognostic factor and previously axillary evacuation was 
the golden standard with which to stage axilla. After the development of sentinel lymph 
node biopsy and adjuvant treatments for breast cancer (radiation-, chemotherapy and 
hormonal treatments) the need for radical axillary evacuation has decreased. Today axillary 
evacuation is performed only in cases where axillary involvement is proven in the sentinel 
lymph node biopsy or in preoperative percutaneous axillary biopsies. In axillary evacuation 
at least 10 lymph nodes are removed from the axillary fat and the procedure can cause 
severe side effects, such as lymphedema, pain or traction, in many women. Axillary staging 
is evolving rapidly and it is also a topic of intense research. The goal has been to find less 
invasive procedures to stage the axilla in order to prevent any unnecessary reduction in the 
quality of life after breast cancer surgery. 
The aim of this thesis was to study the diagnostic performance and feasibility of 
preoperative imaging and needle-biopsies in axillary staging in newly diagnosed patients 
with breast cancer. Between the years 2011 to 2014 newly diagnosed breast cancer patients 
were recruited into this study in Kuopio University Hospital. The first publication (n = 182) 
compared the accuracy of core-needle sampling and fine-needle aspiration in axillary 
lymph node biopsy. The second study (n = 54) investigated the diagnostic performance and 
feasibility of exploiting magnetic resonance diffusion weighted imaging in the preoperative 
staging of axilla. Finally, the third study (n = 54) evaluated the use of contrast-enhanced 
ultrasound to assist in guiding axillary core biopsy. In all of the studies, the imaging and 
needle biopsy results were compared to the final histopathology. 
The conclusion of the first study was that core biopsy is more accurate and reliable than 
fine-needle aspiration in demonstrating the metastases in the axillary lymph nodes 
(sensitivity 83 % vs 75 %, specificity for both 100 %). The second study revealed that the 
diffusion weighted imaging findings were clearly associated with axillary involvement. 
Nevertheless, the diagnostic values remained moderate and thus either needle biopsies or 
the sentinel procedure cannot be omitted. Finally, the third study demonstrated that the 
sentinel lymph node biopsy with ultrasound contrast is feasible and it recognises the 
majority of metastases in US node negative axillae. Nevertheless, some patients with 
axillary macrometastases were not identified. Hence the procedure in its present form 
cannot be recommended for use in routine clinical practice, although it may be beneficial in 
certain, selected patient populations. 
National Library of Medical Classification: WP 870, WP 815, WB 379 
Medical Subject Headings: Breast Neoplasms; Ultrasonography, Mammary; Axilla; Biopsy, Needle; Contrast 
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Rintasyöpä on teollisuusmaiden yleisin naisten syöpä ja aiheuttaa edelleen eniten 
työikäisten naisten syöpäkuolemia. Suomessa noin joka 9. nainen saa elämänsä aikana 
rintasyövän. Kainalolevinneisyyttä on pidetty rintasyövän tärkeimpänä yksittäisenä 
ennustetekijänä ja sitä selvitettiin aiemmin kainaloevakuaatiolla eli kainalon 
imusolmukkeiden tyhjennyksellä. Vartijaimusolmuketutkimuksen ja rintasyövän 
liitännäishoitojen (säde-, solunsalpaaja- ja hormonihoitojen) kehittyessä tarve radikaalille 
kainaloevakuaatiolle on vähentynyt. Nykyisin vain niille, joilla todetaan metastasointi 
leikkausta edeltävästi kuvantaohjatuissa neulanäytteissä tai vartijaimusolmuke-
tutkimuksessa, tehdään kainalon imusolmukkeiden tyhjennys. Evakuaatiossa tyhjennetään 
vähintään 10 imusolmuketta kainalosta, mistä voi seurata merkittävälle osalle potilaista 
käden turvotus-, kipu- ja kiristysoireita. Kainalolevinneisyyden selvittäminen on 
kansainvälisesti kiivaan tutkimuksen ja muutosten kohteena. Pyrkimyksenä on löytää 
vähemmän kajoavia menetelmiä, jotta potilaiden myöhempi elämänlaatu ei kärsisi 
kainalolevinneisyyden selvittämisen vuoksi. 
Tämän väitöskirjatutkimuksen tarkoitus oli selvittää leikkausta edeltävien kuvantamis- 
ja näytteenottomenetelmien diagnostista osuvuutta ja käyttökelpoisuutta rintasyövän 
kainalolevinneisyyden selvittelyssä. Tutkimuksiin rekrytoitiin Kuopion yliopistollisen 
sairaalan uusia rintasyöpäpotilaita vuosina 2011 - 2014. Ensimmäisessä osatyössä (n = 182) 
tehtiin vertaileva tutkimus kainalon imusolmukkeiden ohut- ja paksuneulanäytteistä. 
Toisessa osatyössä (n = 54) tutkittiin magneettidiffuusiokuvauksen osuvuutta ja tarkkuutta 
havaita kainalon metastasointi. Kolmannessa osatyössä (n = 54) arvioitiin 
ultraäänivarjoaineella suoritetun vartijaimusolmuketutkimuksen ja imusolmukkeen 
paksuneulanäytteenoton luotettavuutta ja käyttökelpoisuutta. Kaikissa osatöissä 
kuvantamis- ja neulanäytelöydöksiä verrattiin lopulliseen leikkaustulokseen. 
Ensimmäisen osatyön tulokset osoittivat, että kainaloimusolmukkeiden näytteenotossa 
paksuneulanäyte on herkempi ja luotettavampi menetelmä verrattuna 
ohutneulanäytteeseen (herkkyys 83 % vs 75 %, tarkkuus molemmilla 100 %). Toisessa 
osatyössä havaittiin, että magneettidiffuusiokuvauksen löydökset liittyvät vahvasti 
kainalometastasointiin. Menetelmän herkkyys ja erityisesti tarkkuus kuitenkin jäävät 
kohtalaiselle tasolle, eikä neulanäytteitä tai vartijaimusolmuketutkimusta pystytä 
korvaamaan tällä menetelmällä. Kolmannessa osatyössä havaittiin, että vartijatutkimus 
voidaan suorittaa luotettavasti myös ultraäänivarjoaineella ja tutkimus yhdessä 
neulanäytteen kanssa löytää ultraäänessä normaaleiksi tulkittavista kainaloista merkittävän 
osan etäpesäkkeistä. Osa sairaista imusolmukkeista kuitenkin tulkittiin menetelmällä 
normaaleiksi, minkä vuoksi menetelmä ei tässä vaiheessa sovi rutiininomaiseen käyttöön 
kliinisessä työssä, mutta soveltuu tehtäväksi rajatuille potilasryhmille. 
Yleinen Suomalainen asiasanasto: rintasyöpä; levinneisyys; imusolmukkeet; ultraäänitutkimus; biopsia; 




























”Elämä ei voi pysähtyä, sen täytyy vapaasti päästä kulkemaan 
eteenpäin. Vanhojen totuuksien täytyy väistyä uusien tieltä.” 
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 1 Introduction 
Breast cancer is the most common cancer among women and the leading global cause of 
cancer related deaths (1). Regional axillary metastases have been found to be the single 
most important prognostic factor for breast cancer, hence necessitating axillary staging 
(2,3). The history of breast cancer treatment starts with the surgical options dating from 19th 
century i.e. radical mastectomy (removal of the breast, chest muscles and axillary fat); these 
have evolved to much less radical approaches with the introduction of partial resection and 
oncoplastic surgery with additional treatments (4,5). The survival rate after diagnosis of 
breast cancer has increased remarkably in conjunction with the advances in chemo-, 
hormonal- (6) and radiotherapy (7). In addition, there are survival benefits attributable to 
breast cancer screening programs which are in place in the industrialized countries (8-10). 
The overall benefit of population based screening programmes has been much debated and 
citicized due to possible overdiagnosis, although there is a lack of evidence based data to 
support these criticisms  (11). The cancers found in screening are smaller than cancers 
exhibiting clinical symptoms and they tend to have less axillary positivity, leading to better 
survival prospects. Nevertheless, some of the survival benefits may be due to the different 
molecular subtypes of the screening detected cancers (12).  
Since there has been a desire to conduct less radical treatments of the breast i.e. breast 
conserving surgery, the axillary evacuation has become less popular over the last 20 years 
after the introduction of sentinel lymph node (SLN) labelling and removal (13,14). Axillary 
ultrasound (US) has been used for the evaluation of metastatic lymph nodes (LNs) since the 
1980’s (15,16) and image-guided percutaneous needle biopsies became more popular in the 
1990’s (17,18). 
Recently, there has been a debate about the optimal treatment of axillary metastases in 
those patients having smaller breast tumours and receiving additional adjuvant treatments. 
Two randomized controlled studies have indicated that axillary evacuation could be 
replaced by either follow-up or radiation therapy (19,20). Hence, the role of preoperative 
axillary staging with US and image-guided biopsies is also changing and the future of 
radiological interventions is becoming uncertain. It seems that the primary tumour size will 
become the fundamental parameter with which to guide the treatment strategies of the 
axilla, therefore supplementing the role of accurate primary diagnostics. Moreover, more 
accurate non-invasive or minimally invasive tools for axillary staging have become even 
more attractive. 
This doctoral thesis focuses on how preoperative radiological tools can be exploited in 
axillary staging; the tools examined were US-guided percutaneous biopsies and the more 
recently developed imaging modalities; magnetic resonance diffusion weighted imaging 
(MR DWI) and ultrasound contrast-labeling of the sentinel lymph node followed by 







2 Review of Literature 
2.1 BREAST IMAGING 
The golden standard for the evaluation of breast diseases is the triple assessment which 
involves clinical, radiological and histological examinations. The radiological assessment 
comprises mammography (MGR) and ultrasound (US) for all breast cancer patients. 
Additional modalities include digital breast tomosynthesis (DBT) and magnetic resonance 
imaging (MRI). The BI-RADS lexicon was published in 1980 – 90’s to aid the interpretation 
and reporting of breast findings; this nowadays includes the MGR-, US- and MRI-features 
as well as listing the appropriate management of different breast findings (21). The latest 
update became available in 2014 (22). 
 
2.1.1 Mammogram, BI-RADS classification and tomosynthesis 
After the invention of X-ray imaging in 1895 by W.C. Roentgen, 18 years later MGR was 
introduced to breast cancer diagnostics in Germany by the surgeon A. Solomon (23). Since 
then the techniques, patient positioning and interpretation have changed dramatically. The 
screening programmes started in the 1970’s in Sweden; the first randomized trial 
investigating the benefit for MGR screening was published in 1985 and revealed a 31.0 % 
reduction in mortality (24). In Finland the national screening started in the late 1980’s and 
since 1992 it has been a compulsory health service to be provided by municipalities.  
In MGR screening, two images are obtained: craniocaudal and mediolateral oblique 
view. In symptomatic breasts additional views (lateral and possible spot, magnification or 
rolled views) are required. MGR has a wide range of sensitivity with respect to its ability to 
detect breast cancer (34.0 – 81.0 %) depending on the cancer histology and breast density 
(25). Its essential benefit is its high sensitivity to detect microcalcifications and the 
possibility to take stereotactic biopsies from calcifications. The overlapping of tissues and 
the density of the breast significantly decrease the sensitivity of MGR. On the other hand, 
recent data suggests that the masking effect of dense breasts can be markedly reduced by 
exploiting digital MGR rather than film-screen MGR (26). Digital MGR was introduced in 
1991 as a potential tool for breast cancer management (27). The mammographic breast 
density has been a topic of interest, not only due to parenchymal masking effect in MGR, 
but also because of the fact that women with dense breasts have a higher risk for 
developing breast cancer (28). Nevertheless, conflicting reports have been published on the 
effect of breast density to cancer survival outcomes; some report higher mortality with 
increasing density (29), while in a recent report with a Finnish patient population, a very 
low breast density ( < 10.0 % of dense breast tissue from the total area of the breast) was 
associated with a poorer prognosis (30).  
Whether as a part of screening, or with symptomatic patients, the evaluation of MGR 
always starts by determining the composition of the breast. The BI-RADS lexicon 
recommends that the breast density should be reported as follows; a) almost entirely fatty, 
b) scattered areas of fibroglandular tissue, c) heterogeneously dense breasts, in which small 
masses may be obscured, and d) extremely dense breasts, in which the sensitivity of MGR 








































Figure 1. Mammography of four different patients to demontrate the differences in the 
mammographic breast density. According to the BI-RADS lexicon the classification is as follows; 
a) entirely fatty content, b) scattered areas of fibroglandular tissue, c) heterogeneously dense 
breasts and d) extremely dense breasts.  
 
The BI-RADS classification categorises lesions on a numeric scale of 0 - 6; 0 = incomplete 
evaluation, need for additional imaging/prior images, 1 = negative for malignancy, 2 = 
benign findings, 3 = probably benign, 4 = suspicious, 5 = highly suggestive of malignancy, 6 
= biopsy-proven cancer. All lesions categorised with a score over 3 require histological 
verification by biopsy. Category 3 should be subjected to short-term follow-up. The breast 
findings are categorised to masses, calcifications, architectural distortions and asymmetries, 
which all have specific subcategories to aid in the characterisation and to help estimate the 
probability of malignancy. There may be some additional findings in MGR which indicate 
that further investigations should be undertaken i.e. a solitary dilated duct, skin thickening 
or retraction, axillary adenopathy etc. (21,22).  
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The tumour histology in some cases represents characteristic findings in the MGR. The 
most common tumour type (75.0 %) is invasive ductal carcinoma (IDC), which typically 
exists as a spiculated mass on MGR. The second most common carcinoma (15.0 %) is 
invasive lobular carcinoma (ILC), which more often exhibits very subtle mammographic 
changes. The MGR can be totally normal (29.9 %) with ILC or more commonly there are 
signs of architectural distortion (13.8 %) or focal asymmetry (4.7 %) visual only in one view 
(34.9 %) (31).  
MGR, even digital MGR, have their limitations as described previously. To aid in the 
problem of superimposition of normal breast tissue in two-dimensional (2D) MGR, digital 
breast tomosynthesis (DBT) was developed. In this imaging modality, multiple low-dose X-
ray projections are acquired from the breast and three-dimensional images can be 
reconstructed. All traditional views of MGR can be obtained and from the DBT images a 
traditional 2D-image can be generated subsequently. There are several studies claiming that 
DBT reduces the need for additional views and spot compressions, hence decreasing the 
radiation dose. In addition, it minimises the impact of overlapping breast tissue and 
improves lesion conspicuity (32,33) as well as making it easier to detect architectural 
distortions and lesion margins (34,35). In the literature, the outcomes with DBT have 
demonstrated improved diagnostic performance figures both in clinical diagnostics and in 
screening (32,33,36). A recent meta-analysis (with seven studies and over 2000 patients) 
concluded that the sensitivity and specificity of DBT to detect malignancy was higher than 
digital MGR (90.0 vs 89.0 % and 79.0 vs 72.0 % respectively) (37). Nonetheless, more 
research will be needed to establish the role of DBT in clinical practice. 
  
2.1.2 Ultrasound imaging 
After MGR, US is the standard additional modality for breast imaging. In some cases, it 
may even be the first line approach, for example in symptomatic women < 30 years (38) and 
in screening high-risk patients (39). Since the invention of US in the 1950’s, the 
development of US techniques has been rapid and the role of US has increased, initially as a 
tool to characterise cystic breast lesions, but nowadays also to detect and analyse solid 
tumours (40). US is nonexpensive, easily conducted, and allows percutaneous biopsies 
without radiation exposure. The downsides are that it is performer and technology 
dependent and its accuracy to detect microcalfications is lower than MGR (41), though 
recent technical advances have increased the sensitivity (42). On the other hand, the breast 
US has benefits in terms of lesion detectability in dense breast tissue (43) and in ILC (31,44). 
In a retrospective analysis of 106 patients with ILC, breast US had a very low false negative 
rate in comparison to MGR (2.2 % vs. 29.9 %) (31). In another study with ILC patients (n = 
38), the sensitivity of MGR was 71.1 % compared to 89.5 % for US (44). 
The echogenic features for benign lesions are typically smooth borders, ellipsoid shape, 
gentle lobulations, thin capsule and homogenic echotexture (45). Similarly, for malignant 
lesions, high PPV and sensitivity have been found with the typical following features; 
spiculations, ill-defined borders, taller-than-wide shape, acoustic shadowing as well as 
small calcifications. These are the major US findings for malignancy described in the BI-












Figure 2. Examples of different breast lesion charasteristics in US according to the BI-RADS 
classification. a) A homogenously hypoechoid, wider-than-tall lesion with smooth borders and 
posterior acoustic enhancement, a typical benign cyst. BI-RADS 2. b) A heterogenously 
hypoechoid, wider-than-tall lesion with multilobulated, mainly smooth borders and acoustic 
enhancement. Though having benign characteristics, the angulated border (arrow) is not 
acceptable and the lesion should be biopsied and categorised at least as a BI-RADS 4 lesion. 
The histopathology confirmed the presence of an aggressive invasive carcinoma. c) A taller-than 
wide, hypoechoid tumour intruding to normal parenchyma (BI-RADS 5) was proven IDC in the 
final histology. d) An ill-defined and spiculated, hypoechoid tumour with acoustic shadowing. A 
typical malignant lesion, BIRADS 5. e) An MGR negative palpable mass presenting only as an 
architectural distortion (between arrows) in US could be classified as BIRADS 4 or 5. Biopsy 
confirmed ILC. f) Calcifications in ductal carcinoma in situ. Calcifications (area between two 




US is often repeated after breast MRI, which often produces new additional findings. It is 
not possible to biopsy all lesions in MRI-guidance due to its high cost and extensive time 
consumption. The so-called second-look US has been claimed to aid in the detection of 
small, malignant mass-lesions but cannot exclude malignancy if the lesion is not visible in 
the US (46).  
 
2.1.3 Contrast-enhanced ultrasound 
Contrast-enhanced ultrasound (CEUS), with intravenous injections of microbubble-
contrast, has been used for several years in abdominal and cardiac imaging (47). The use of 
CEUS has been incorporated into the recommendations and guidelines for good clinical 
practice in evaluation of liver lesions (48). Moreover, this technique has been utilised in the 
follow-up and detection of endoleaks after abdominal aortic aneurysm endografting, 
recently also with 3D-imaging (49). The US contrast available commercially in Finland, 
contains small sulphur hexafluoride gas particles (2.5 μm) that causes reflection of the US 
beam, hence its mechanism of action acts as an aid to visualise tissues with vascular 
structures or lesions within vascularised organs. The use of CEUS in breast radiology has 
been less popular in clinical practice. Nevertheless, in a recent meta-analysis of 31 studies, 
CEUS displayed good diagnostic properties in the characterisation of breast lesions (pooled 
sensitivity 86.0 % and specificity 79.0 %) (50). The clinical value in addition to breast MRI 
and traditional modalities, MGR and US, has not been validated. 
 
2.1.4 Needle sampling 
US-guided core biopsy (CB) is the standard biopsy method for solid breast lesions which 
demand histological proof (BI-RADS 4-5) (51-53). The minimum of four samples should be 
obtained from each solid tumour with a 14-gauge core needle (54). Similar results have 
been published with add-on stereotactic core biopsy with non-palpable breast lesions (55). 
Nowadays FNA is not recommended for breast tumours other than those with cystic 
consistency. It has also been proven to be more expensive than CB in Finnish patient 
population and health care system (n = 572) (56). 
Vacuum assisted biopsies (VAB), in which suction is applied in larger 9 - 11-gauge 
needles to remove larger tissue samples, have shown both better accuracy and cost-
effectiveness over surgical biopsies (57,58). The method is traditionally used in conjunction 
with stereotactic guidance since the 1990’s, but more recently it has been utilised also with 
MRI- and DBT-guidance. The latter approach was demonstrated to be significantly superior 
to traditional stereotactic-assisted biopsy in a recent retrospective study (DBT-guidance n = 
51, stereotactic-guidance n = 165) (59). Nonetheless, this retrospective analysis might have 
been subject to some possible bias, for example due to uncontrolled patient and lesion 
selection and the smaller number of patients examined with DBT-guided biopsy. 
Nevertheless, it is possible that DBT-guidance may help to decrease the number of lesions 
in MGR that are considered unsuitable for stereotactic VAB. 
The breast lesion excision system (BLES) is a new technique for tissue sampling and 
removal of small solid breast tumours. BLES biopsy and tissue removal are possible to 
perform with either US- or stereotactic-guidance. A publication from 2011 concluded that 
BLES biopsy is an efficacious technique in excising small indeterminate (BI-RADS 3) solid 
breast lesions (60). A complete margin could be achieved without the need for follow-up 
diagnostic surgery in the majority of patients and in 5-years’ follow-up the recurrence rate, 
with small high risk and low grade malignant lesions, was very low (60,61). Nevertheless, 
the studies have had small sample sizes and there is very little data concerning malignant 
lesions. Hence, the equipment is presently recommended only in sampling or removal of 




2.1.5 Magnetic resonance imaging and diffusion weighted imaging 
MRI with gadolinium-contrast agent was introduced in breast imaging in the mid 1980’s 
(62). Breast MRI has the highest sensitivity (90.0 %) for detecting breast cancer, but it has 
been criticised for its low specificity (72.0 %) (63). In the 1990’s, after MRI technology 
developed to allow simultaneuous scanning, achieving high spatial and temporal 
resolution, the current so-called combined breast MR interpretation became favoured in 
breast imaging. This is based on the morphological criteria and dynamic enhancement 
pattern analysis of lesions. The latter includes dynamic contrast-enhanced T1-weighted 
images with fat saturation, where contrast intake and washout within lesions are imaged 
over time. The interpretation of the kinetics is divided into three type of curves (I = 
persistent, II = plateau, III = washout curve). In addition, the initial rise of the contrast 
intake is observed. First, the kinetics was emphasised and the type I curve was found more 
indicative of benignancy over malignancy (83.0 vs 8.9 %) where as type III was more 
frequent in malignancy (57.4 vs 5.5 %) (64). The importance of kinetic analysis, in the 
discrimination of benign and malignant lesions, has diminished with time e.g. a multicenter 
study revealed that the structural analysis of lesions possessed a higher accuracy (65). 
However this study also found evidence that the type III enhancement pattern was more 
common in malignancy (76.0 vs 45.0 %) but nonetheless the type I curve also is displayed in 
a significant number of malignancies (24.0 %) and this should be taken into account during 
MR analysis. There are four BI-RADS MRI classification’s descriptors which associate most 
strongly to malignancy; lesion shape, margin, heterogeneous enhancement and type III 
(wash-out) kinetics (66). 
It has proved difficult to undertake a reliable comparison between different studies with 
respect to the accuracy of breast MRI due to a lack of stardardisation of this imaging 
modality i.e. variable imaging protocols, scanning planes, as well as indications for imaging 
and interpretations of finding’s have been used in different centers (67). Subsequently, it 
has been proposed that there should be standardisation of the breast MRI indications and 
acquisition protocols, as well as in the interpretation and reporting in European guidelines 
for breast MRI (68,69). The guidelines also list the requirements for centers performing 
breast MRI, such as high technical quality, standard protocols and sequences. In addition, 
the possibility to perform MRI-guided biopsies should be available as well as established 
standard for reporting MRI findings such as the BI-RADS classification (68).  
Regardless of breast MRI’s high performance figures, its use in preoperative routine with 
invasive carcinoma has been disputed. A randomized control trial (COMICE), involving 
1623 patients, did not reveal any benefit in terms of a reduction in the reoperation rate for 
MRI over traditional triple assessment (70). Another randomized study (MONET, n = 418) 
detected a higher reoperation rate for MRI (45.0 vs 28.0 %) (71). On the other hand, in a 
recent publication (POMB trial, n = 440), preoperative MRI altered the treatment plans in 
18.0 % of patients < 56 years old and the reoperation rate was considerably reduced with 
MRI (72). 
According to the EUSOMA guidelines breast MRI should not be offered to all breast 
cancer patients, but it should be used as a problemsolver and used in certain patient groups 
where the advantage of MR has been established by high quality research (69). According 
to the guideline breast MRI should be used in the following situations; 1.) in the 
preoperative evaluation of patients presenting ILC in their breast biopsy result; 2.) in the 
search for unknown primary cancer; 3.) for symptomatic breast implants; 4.) in a 
preoperative evaluation when there exists a > 1.0 cm tumour size discrepancy between US 
and MGR in breast cancer patients < 60 years of age (69,73). Furthermore, it is well 
established that breast MRI should be used in screening of high risk patients (39,74). 
The diagnostic performance figures for breast MRI to detect malignancy have been 
reported to increase with higher field strength and stardardisation of imaging as well as 
standardised reporting. The 3.0T breast MRI achieves higher signal-to-noise ratios, higher 
spatial resolution, and faster scans than 1.5T MR, resulting in improved anatomical details 
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(75). In a recent study, the diagnostic figures for 3.0T breast MRI were 99.0 %, 81.0 %, 93.0 % 
for sensitivity, specificity and accuracy, respectively (66). 
Attempts have been made to overcome subjective variations in result interpretation e.g 
new quantitative functional methods have been introduced also into breast imaging such as 
magnetic resonance spectroscopy (MRS) and diffusion weighted imaging (DWI). MRS is a 
noninvasive method which analyses the tissue’s biochemical properties, in more detail the 
presence of choline metabolites (choline phosphocholine and glycerophosphocholine), 
which have been found to be elevated in cancerous tissues including breast cancer (76). In a 
meta-analysis for 1.5T and 3.0T MRS, the diagnostic values were 88.0 % for sensitivity and 
73.0 % for specificity (77). 
Of the two methods, DWI has become more popular and nowadays is often included in 
the imaging protocols (78). DWI detects the free movement of water molecules (Brownian 
motion). The apparent diffusion coefficient (ADC) values are calculated from DWI (with at 
least two different b-values) and displayed as a parametric map (Figure 3). If there is a 
malignancy, this causes a lower portion of freely moving water molecules and hence lower 
ADC values. This approach is applicable also in breast imaging (79-82). A meta-analysis 
conducted in 2010 (with 13 studies, 964 lesions; 615 malignant and 349 benign) reported the 
diagnostic performance of breast DWI to have pooled sensitivity of 84.0 % and specificity of 
79.0 % (83). However, there are limitations that should be acknowledged with DWI in 
clinical practice; the technique is not yet standardised and the reported cut-off ADC values 
for malignancy widely differ between reports. Moreover, ADC values are dependent on the 
b-values used during acquisition (84). The optimal b-values for DWI have been suggested 
to be 0 and 850 s/mm2 for breast imaging with 3.0T equipment (85). The higher field 
strength is a benefit also in DWI; compared to 1.5T, DWI at 3.0T was more accurate in 
































Figure 3. Breast MGR and MR images of a 41-year old woman with 3.0 cm BI-RADS 5 breast 
tumour on the upper outer quadrant of the right breast (a,b,d,e). Additional 4.0 cm segmental 
non-mass enhancement was present in contrast-enhanced MRI, in the upper medial quadrant 
(between arrows) (c). The breast tumour was non-hemorrhagic and a necrotic center was 
visible on the contrast-enhanced T1 fat-saturated image (b). This can also be seen in the DWI 
image (b=800) (d) and in the ADC map (e). The ADC values obtained from the vital tumour 
area, avoiding central necrosis, were 0.620 – 0.795 x 10-3mm/sec2 (b-values 0,200, 400, 600 
and 800 at 3.0T field strength). At final histology, after mastectomy, there was a T2N1(mic) 
ductal carcinoma grade 3 with an extensive noncalcified DCIS-component, which was not visible 
in MGR (a) but was present in contrast-enhanced MRI (c). 
 
2.2 AXILLARY STAGING 
 
Axillary nodal status remains an important prognostic factor for invasive breast cancer 
(2,3,87). Around 13.3 - 21.0 % of patients with small breast tumours (< 1.0 cm) have axillary 
metastases and the probability increases with increasing size of the primary tumour (88,89). 
A tumour size of between 1.0 - 2.0 cm leads to around a 28.5 % probability of axillary 
metastases whereas half of patients (50.2 %) with tumours > 5.0 cm have axillary 
involvement (88). The reported values were similar in a Finnish study (10). In addition to 
tumour size ( > 1.0 cm), young age, multifocality or multicentricity, non-luminal A-type 
cancer and the presence of lymphovascular invasion increase the probability of axillary 
involvement (90,91). 
 
2.2.1 Breast lymphatics and lymph node anatomy 
The axillary anatomy includes the axillary artery and vein, brachial plexus, fat and LNs. 
The superior boundary includes the clavicle, scapula and first rib. The posterior boundary 
includes muscles (subsclapularis, teres major, latissimus dorsi). Medially there are first four 
ribs and serratus anterior muscle, laterally coracobrachialis muscle and short head of 
biceps. The regional LNs are divided into three levels i.e. level I (low axillary) = LNs 




pectoralis minor muscle and the interpectoral (Rotter’s) LNs and level III (apical axillary) = 
LNs medial to pectoralis minor muscle and inferior to clavicle (Figure 4). Axillary LN 
metastases of breast cancer tend to spread step by step from level I to level II, from level II 
to level III and from level III to the internal jugular and/or supraclavicular nodes. Only 
rarely does metastasis proceed directly to level II or III nodes (92). Nevertheless, after 
axillary surgery the levels II-III, as well as parasternal LNs, should be included in the US 












Figure 4. The anatomy of the regional lymph nodes of the breast; 1. level I, the low axillary 
LNs, 2. level II, LNs beneath the pectoralis minor muscle, 3. level III, LNs medial to the 
pectoralis muscle and under the clavicle, 4. the supraclavicular LNs, 5. parasternal LNs, 6. and 
7. brachiocephalic vein and artery. 
The anatomy of the lymphatic system of the breast has been studied for several centuries 
and there have been several controversies about its lymphatic network. One theory which 
was proposed in the 1800’s was that the lymphatics of the whole breast routed through the 
subareolar plexus (plexus of Sappey) and then to the axilla. Nowadays, the favoured theory 
is that lymph drainage from the breast occurs to axillary LNs at a number of different sites 
and the axilla is only the main basin for lymph drainage (93). Two main lymphatic drainage 
routes are recognised; a superficial and an internal system (94). The superficial route 
collects lymphatics from the nipple, skin, and the lactiferous tubules and runs to the axilla, 
whereas the internal lymphatics arise from the breast lobules, leave the posterior surface of 
the breast, and pass through the pectoral and intercostal muscles to reach the internal 
mammary chain (Figure 5) (93). The smaller lymphatic capillaries drain into collecting 
lymphatic vessels and the lymph flow is maintained by a delicate balance between the 
pressures inside and outside the lymphatic vessel, which in turn drain into the axillary LNs. 
The drainage speed and the sentinel visualisation can be affected by age, disrupture of 
lymphatic network (i.e.by trauma or surgical operation), by injection site and volume and 
size of the particles in the used injection material. A gentle massage of the injection site has 























Figure 5. The anatomy of the lymphatic drainage system of the breast. 1. the mamilla, 2. 
subareoalar plexus (Sappey’s plexus), 3. breast lobule, 4. internal lymphatic network, 5. 
intramammary lymph node, 6. internal mammary chain lymph node, 7. superficial lymphatic 
network, 8. axillary lymph nodes. 9. pectoralis major muscle, 10. pectoralis minor muscle, 11. 
breast tumour. 
Lymph drainage enters the LN via four or five afferent lymph vessels, from there it 
continues to flow through the subcapsular and cortical sinuses in the cortex, which shows a 
typically hypoechoic image in axillary US. The lymph flow enters the medullary sinus and 
finally to the efferent vessel (Figure 6a). The inner parts of LNs appear hyperechoic due to 
hilar fat and blood vessels. The cancerous cells first locate in the subcapsular/cortical region 
where the percutaneous biopsy should be targeted (Figure 6b). 
 
Figure 6. The anatomy of the lymph node (a); A=afferent lymph vessel, B=lymphoid follicles, 
C=paracortex, D=germinal center, E=medullary sinus with fatty content and blood vessels, 
F=efferent lymph vessel, G=vein, H=artery, I=cortical and marginal sinus. b) A small 
metastatic deposit (J) in the cortex leading to local cortical thickening and lobulation which may 
be the first sign of metastasis in the axillary US.   
 
In some cases the cancerous cells grow through the LN capsule into the adjacent soft 
tissue which is called the extracapsular extension (ECE). ECE relates to increased local and 
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distant recurrences and is a prognostic indicator of survival (95). Moreover, ECE and its 
extent have been found to associate with higher axillary tumour burden in T1 - T2 cancers 
(96). In addition to the number of affected LNs and ECE, there are several lymph node-
related pathologic features which are believed to have prognostic value; nodal matting, 
nodal necrosis and the detection of tumour emboli within the extranodal vasculature (97). 
2.2.2 Axillary evacuation  
Traditionally axillary staging was done by palpation but this has proved to be inaccurate in 
at least 40.0 % of patients (98). For many years radical mastectomy and axillary clearance 
was the standard care for all sizes of breast cancers. Gradually less invasive surgical 
methods for axillary staging have proved to be adequate, as demonstrated in several 
randomized controlled trials (13,99-101). At present axillary lymph node dissection (ALND) 
includes removal of axillary LNs from level I and II. Level III LNs are removed in the case 
when the LNs in the lower levels are clearly pathological. The evacuation preparate should 
include a minimum of ten LNs for accurate pathological TNM staging (102). Axillary 
evacuation still has an important role when the sentinel procedure is not possible or fails to 
show any isotope-labelled LNs. 
The desire to avoid ALND is due to its long-term side-effects. In a Finnish 3-year 
surveilance study (n = 92) many patients suffered from axillary area pain (30.0 %), sensory 
disorders (66.0 %), lymphedema (13.0%) and shoulder motion restrictions (34.0 %) (103). 
According to objective measurements, after ALND lymphedema was detected in 16.0 % of 
patients. There were several risk factors associated with the development of these 
symptoms; greater body weight, infection or injury of ipsilateral arm (104). The majority of 
patients (40.0 - 60.0 %) with a positive SLNB in fact do not have any additional metastatic 
LNs in the evacuation (105), hence these patients suffer from possible adverse effects 
without gaining any benefits from the procedure. 
2.2.3 Sentinel lymph node biopsy 
Sentinel lymph node biopsy (SLNB) became rapidly the new golden standard for axillary 
staging in the 1990’s (13,99). It is an accurate procedure with high sensitivity (97.0 - 98.0 %) 
(100,101) and it saves majority of patients (60.0 %) from having to undergo unnecessary 
axillary evacuation when SLNB is negative (106). Increasing number of positive SLNs and 
increasing size of the largest SLN metastasis have been found to relate significantly to non-
sentinel node metastases (107). Less aggressive axillary surgery, SLNB, is beneficial 
resulting in less arm stiffness, pain, paraesthesia, and reducing the risk of lymphedema as 
described in the previous chapter (101,108). Nonetheless some patients (5.0 %) develop 
lymphedema even after SLNB as shown in a prospective study with 600 patients (109). 
Interestingly, there was no correlation between the number of LNs removed and the 
incidence of lymphedema. The authors postulated that other factors, such as the global 
disruption of the lymphatic vessels during ALND, may have a primary role in 
development of lymphedema rather than the number of LNs removed. 
The SLNB procedure is usually performed as a 1 - 2 day protocol and triple assessment is 
recommended; isotope-labelling with lymphoscintigraphy, hand-used gammadetector 
intraoperatively as well as blue dye injections which are is injected just before the 
operation. A few hours before the lymphoscintigraphy, the isotope is usually injected 
subdermally and para-areolarly to the cancerous breast, usually in the upper outer 
quadrant. Although the optimal injection site has been a matter of debate (110). According 
to the European guideline the sub- or intradermal injections should be used and 
intratumoral injections are not recommended due to lack of evidence (111). Peritumoral 
injection can be used when the tumour is located deeper in the breast tissue but in all other 
cases, it is recommended to deliver the sub-dermal injection over tumour site (111). With 
deep injections, it is believed that a significantly greater amount of extra-axillary SLN may 
be identified, but the clinical significance of this finding remains undetermined (110). The 
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SLNB procedure is not recommended with inflammatory breast carcinoma and the use of 
blue dye may be restricted by pregnancy or allergy. 
During SLNB procedure the radioactive and stained SLNs as well as all palpable 
suspicious LNs are removed by the surgeon and sent to pathology as a frozen section. This 
means that the SLNs can be evaluated intraoperatively. If a macrometastasis (> 2.0 mm) is 
present in the frozen sections, the practice has been to proceed to ALND. Later, after the 
final immunohistochemical staining, the presence of additional micrometastases (0.2 – 2.0 
mm) can be analysed. Frozen sections are not utilised in all breast surgery centers 
throughout the world and the SLNs may be analysed after primary surgery; in these cases 
ALND has to be performed as a second operation. The aim in many centers has been to 
avoid these secondary operations by conducting preoperative staging. Currently, also in 
Finland, the presence of micrometastases does not necessarily mean that the patient will be 
subjected to an additional axillary operation. Similarly the isolated tumour cells (ITC) 
visible in the SLNs are not considered to have clinical relevance. Moreover, the need for 
routine immunohistochemical staining of SLN has been questioned and practices have 
changed internationally due to its minimal advantage in local, regional or distant 
recurrence (112). 
Recently the need for routine axillary evacuation for all breast cancer patients has been 
debated. The result of prospective randomized controlled trial, ACOSOG-Z0011, were 
published in 2011; in that trial, patients with T1 - T2 sentinel node positive breast cancers 
were randomized to ALND or observation after SLNB. All patients received breast-
conserving surgery and whole breast irradiation including the axillary tail area. Patients 
with at least 3 positive sentinel nodes and patients receiving neoadjuvant chemotherapy 
were excluded from the study. After 6.3 years of follow-up there was no difference between 
the two study groups in the 5-year locoregional recurrence rate (4.1 % vs. 2.8 %), 5-year 
overall survival rate (91.9 % vs. 92.5 %), and 5-year disease free survival rate (82.2 % vs. 83.8 
%) (19). Hence the authors concluded that ALND could be avoided in selected patients who 
meet the Z0011 study criteria. Another randomized trial (AMAROS) included patients with 
breast tumours < 5.0 cm and clinically node negative axillae. In this trial, the axillary 
positive patients (no upper limit for metastatic sentinel LNs) were randomized to ALND or 
radiotherapy with similar results; no difference between the two groups (20). Though 
having fairly short follow-up times (6.1 years in AMAROS and 6.3 years in ACOSOG), the 
results of these trials have changed the treatment of the axilla in the most enthusiastic 
centers in the States. Nevertheless, the ACOSOG-trial has attracted considerable criticism 
and the results have been questioned due to several reasons, for example; a significant 
portion of patients were lost from follow-up and the numbers of micrometastases were 
overrepresented. Furthermore, the radiation fields were not standardised and there were 
protocol violations (113). From the radiologist’s point of view, there is only limited 
information available on the preoperative axillary investigations for the included or 
excluded patients. One could speculate that some patients probably had preoperative 
investigations and biopsies since the micrometastases were overrepresented. The AMAROS 
trial has been better received by the international research community and it has stated that 
preoperative investigations were performed on 60.0 % patients. Nevertheless, the detailed 
information of the preoperative investigations and the possible exclusion of patients due to 
positive findings, are missing (20). 
The role of preoperative US and biopsies is inevitably being challenged by new emerging 
evidence. Some, mainly American centers, have omitted the preoperative investigations but 
in Europe, the approach has been much more cautious. On the other hand, it is recognised 
that there has been over-treatment of the axilla in small breast cancers, and even the need 
for SLNB has been questioned. Two new randomized trials have started in Europe, which 
are randomizing patients to either SLNB (proceeding to ALND if necessary) or surveillance 
(SOUND, INSEMA) (114,115). The inclusion criteria in these trials involve the size of the 
primary tumour i.e 2.0 - 5.0 cm and the axilla should be clinically or US negative. In 
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addition, the biopsy (FNA, CB) negative axillae are included. The trials’ goals are to 
investigate if observation after partial breast surgery treatments will suffice and whether all 
surgical axillary procedures can be avoided in these patient groups. 
 
 
2.3 IMAGING OF THE AXILLA 
 
The presence of axillary metastases can be evaluated with several imaging modalities. MGR 
has been the traditional and basic tool for visualising breast lesions and it can be used to 
screen for axillary metastases, but with low accuracy. Axillary US has been the most 
utilized modality in clinical practice. Its benefits are its widespread availability, low cost, 
patient comfort and avoidance of ionizing radiation. Moreover, its absolute advantage over 
other modalities is the possibility to take accurately image-guided samples from the axillary 
LNs.  
MRI is used frequently to assess breast malignancies preoperatively as described 
previously. At least the lower parts of the axilla are visualised in the traditional breast MRI 
sequences, hence the evaluation of the axillary LNs by MRI does not necessarily demand 
any additional resource utility i.e time or cost. Nonetheless, it is neither possible nor 
recommended to use MRI in all breast cancer patients due to its high cost, time-consume 
and additional incidental findings. Moreover, the number of available axillary LN MRI 
studies is small and they have employed variable methods; therefore, their results need to 
be interpreted with caution (116).  
Although accurate in the detection of distant metastases, the positron emission 
tomography (PET) has clear limitations in axillary staging. According to a meta-analysis, 
the diagnostic performance values for PET or PET-CT vary widely between studies 
(sensitivity and specificity between 20 – 100 % and 75 – 100 %) and presently it cannot be 
recommended in the preoparative staging in newly diagnosed breast cancer (117). There 
are several factors limiting its wider clinical use; for example the high cost, limited 
availability and most importantly the patient’s radiation exposure. 
2.3.1 Mammogram 
In the MGR’s lateral oblique projection the axillary tail area should be visualised and often 
axillary LNs are present and available for evaluation, at least to some extent (Figures 1d and 
3a). Nonetheless, the majority of the studies do not include visual LNs even in the properly 
positioned lateral oblique projections (Figures 1a-c). The normal appearance of a benign LN 
in MGR is typically a bean shaped structure with a visible dense cortex and lucent hilum 
with a fatty content. They can also appear as dense oval or round masses depending on the 
direction of the X-ray beam and hence appear rounded and enlarged even though they are 
benign. On the other hand, even small LNs and LNs with a marginally enlarged cortex can 
have metastatic deposit. Therefore, in most cases benign and malignant LNs cannot be 
distinguished from each other by MGR (118). The sensitivity of palpation and MGR are 
both significantly lower than US (38.9 % and 32.3 % vs 72.7 %) (119). Nevertheless, the 
appearance of the LNs should always be monitored during an MGR evaluation and an 
increased size or density of LNs should raise concerns about possible pathology. Unilateral 
adenopathy in MGR can be a suspicious finding for ipsilateral breast cancer, whereas 
bilateral enlarged LNs may originate from several reasons e.g. reactive hyperplasia or 
rheumatoid arthritis or in rare cases non-breast related malignancy, for example lymphoma 
or leukemia (120). 
2.3.2 Ultrasound imaging 
Preoperative axillary US is widely used in the clinical evaluation of newly diagnosed breast 
cancer patients and is included in the national guidelines (53,121). Axillary US evaluation 
has been shown to increase the sensitivity to detect LN metastasis over clinical palpation 
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(15). The sensitivity of axillary US, reported in the three available meta-analysis, has varied 
between 61.0 – 62.0 % with 82.0 – 86.0 % specificity (122-124). The diagnostic accuracy is 
dependent on the threshold criteria for the suspected malignancy (125-128). Several 
different criteria for malignancy have been investigated. The following morphological 
features of axillary LNs; the absence of fatty hilum, multilobulated cortex and increasing 
nodal size, have been found to be independent predictors for metastasis (124,129,130). In 
addition, peripheral/cortical blood flow was significantly associated with malignant (77.0 
%) compared to benign (28.0 %) LNs in a prospective study with 145 LNs (p = 0.001) (131).  
As the US techniques advance and the image quality improves, even smaller details in 
LN’s morphology can be investigated more intensively. The concept of ECE has appeared 
in radiological publications. Certain US features such as unclear margins, node matting, 
perinodal edema and hilar replacement have a statistically significant association with 
histological ECE. The first three features predicted ECE with high specificity (75.0%, 84.0%, 
87.0%, respectively) (132). Nevertheless, none of these criteria have increased the diagnostic 
performance of axillary US enough to decide on surgical treatment of the axilla, especially 
to omit SLNB and triage patients directly to ALND.  
After the publications of ACOSOG- and AMAROS-trials, the consept of axillary tumour 
burden rapidly became popular in the literature concerning preoperative staging. Most of 
the publications refer to axillae with < 2 positive (macrometastases) LNs as low tumour 
burden and > 3 positive LNs as high burden. Several retrospective publications with 
preoperative US and biopsies in the evaluation of axillary tumour burden have appeared in 
the literature (124,133-137). The axillary US-positivity has been found to relate to less 
favorable disease characteristics and a worse prognosis than SLNB-positivity (136). 
Moreover, the US-guided FNA-positivity has been noted to significantly associate to a 
higher axillary tumour burden accordingly; > 3 positive LNs in 63.3 % of FNA-positive 
patients vs. 22.7 % of SLNB-positive patients (p < 0.001) (136) and > 2 positive LNs in 61.0 % 
of FNA positive patients in a second study (136,138). Axillary US with FNA had NPV of 
99.0% for higher tumour burden with a sensitivity of 91.0 % in a study including 139 
patients with T1-T2 breast tumours undergoing breast conserving surgery (134). In 
addition, in a retrospective analysis preoperative axillary US excluded 96.0 % of patients 
with N2 and N3-disease (139). Moreover, a single nodal metastasis, detected by axillary US 
biopsy (with cortical thickness limit > 3.0 mm), correlated with a mean of 5.2 positive LNs 
in the final histology (135). The authors concluded that axillary US and biopsies most likely 
will remain valuable tools in guiding the management of the axilla in breast cancer in the 
future. Similar results have been obtained in a Finnish retrospective study, in which the 
patient population was analysed according to the ACOSOG trial’s inclusion criteria (140). 
In that analysis, none of the axillary US negative axillae (40.1 %, 73/182) had a higher 
tumour burden.  
2.3.3 Needle sampling 
The sensitivity and specificity of axillary US can be further increased by US-guided axillary 
needle biopsies. In addition, axillary biopsy has been assessed as being more cost-effective 
when the SLNB procedure can be omitted based on a positive biopsy result (141,142). LN 
biopsies are nowadays generally used as a preoperative investigation for breast cancer 
staging in major breast clinics and are included within the national guidelines (53,121). 
Axillary US-guided LN biopsies have been performed with either FNA or CB (122-124). US-
guided interventions have increased the detection rate of definite LN metastasis with 
perfect specificity of 100 % (15,125). The sensitivity values in the literature vary greatly 
between 21.0 - 86.0 % for FNA (143,144) and 42.0 - 94.0 % for CB with 100 % specificity 
(126,130,145-155). In the three available meta-analysis for axillary biopsies with any size of 
needle, the sensitivities of axillary biopsy varied between 49.0 - 87.0 % (122) and 79.0 - 80.0 
% (123,124) with 100 % specificity. In a recent meta-analysis for axillary FNA studies (n = 
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31), the sensitivity was 63.0 % and spesificity of 99.0 % (156). No meta-analysis exists with 
respect to axillary CB. The literature of existing CB studies is presented in Table 1.  
The sensitivity for FNA has been highest in the centers where the cytopathologist is 
available at the time of the procedure to ensure the adequacy of the samples. This is not 
possible in the majority of the centers and in none of the Finnish hospitals. In Kuopio 
University Hospital, for several years the clinical practice has been to perform axillary 
sampling with CB. Nevertheless, the absolute superiority of CB over FNA in axillary biopsy 
had not been established since there were no prospective trials comparing the two 
techniques at the beginning of this thesis (153).  
The specificity of needle biopsies is affected by the criteria for axillary sampling which 
differ greatly between breast centers and published studies. Although there is a consensus 
on the biopsy of morphologically suspicious LNs, the detailed thresholds such as the LNs’ 
cortical thickness, are still disputed. The maximum cortical thickness of LNs has been 
speculated to be a good predictor of metastatic involvement and the cut-off point of 2.3 mm 
as the diagnostic criterion for pathology, produced a sensitivity of 95.0 % but with low 
specificity of 44.0 % using FNA sampling (127). Sensitivity of 85.0 % and higher specificity 
(78.0 %) were associated with the cortical thickness threshold of > 2.5 mm in a study with 
US wire-localization (157). There are two different measures for LN’s cortical thickness in 
national guidelines in the literature; 2.0 mm and 3.0 mm (121,158). The first is adopted also 
into present Finnish recommendations with additional criteria for axillary LN biopsy as 
follows; lobulated or eccentric cortex, any eccentric or concentric thickening greater than 2.0 
mm, dislocated and/or absent fatty hilum, a cortex-to-hilum ratio greater than one, or a 
longitudinal axis–to–transverse axis ratio less than two (Figure 7) (121). On the other hand, a 
recent American recommendation has utilized a cortical thickening of 3.0mm as an 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 7. Examples of morphological features indicating axillary LN biopsy; a) local eccentric 
cortical thickening > 2.0 mm, b) multilobulated cortex, c) smooth cortical thickening > 2.0 mm 
with cortical blood flow, d) dislocated and/or absent fatty hilum. 
2.3.4 Contrast-enhanced ultrasound 
Additional applications for CEUS in oncological imaging and the localisation of SLN are 
being investigated. An intravenously administered US microbubble contrast has been used 
in a limited number of preliminary studies concerning detection of metastasis, for example 
in the cervical region from thyroid cancer or other head and neck-malignancies (159,160). 
This approach has also been utilised in axillary staging and in the prediction of tumour 
aggressiveness in patients with breast cancer (161-163). These preliminary studies found 
that this technique with the intravenous contrast injections had very limited clinical value 
in axillary staging. On the contrary, a sentinel procedure with contrast injections into the 
the para-areolar skin of the breast has shown promising results and applicability in clinical 
practice in visualising the lymphatics. The first CEUS sentinel procedure was published in 
2004 in a swine-melanoma model (164). With breast cancer patients, the skin injection of US 
contrast was first introduced in 2009 (165). Since then, a limited number of publications 
have appeared evaluating this procedure, although they mainly originate from the single 
institution that first described the method. In CEUS sentinel the microbubble contrast is 
used in a similar manner as isotope injections in the traditional SLNB procedure. The 
contrast is injected into the skin of the breast para-areolarly and the drainage of the contrast 
can be immediately followed in realtime US to the lymph vessels and further to axillary 
LNs (Figure 8) (166,167). 
The sentinel localisation with CEUS has high sensitivity (89.0 - 93.0 %) to detect axillary 
SLN (166,168). At present, there is only one additional study from another center and with 
different type of US contrast, containing perfluorobutane microbubbles, which are reported 
to stay visible for a longer time. This trial examined 20 patients and reported a 70.0 % SLN 
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detection rate for CEUS in comparison to blue dye and gamma-probe (75.0 % and 100 %, 
respectively) (169). Marking of CEUS SLN has also been topic of investigation. In the 
literature, CEUS has been used to guide LN marking with guidewires just prior to the 










































Figure 8. Axillary US images (a-c) of a 49-year old woman with an upper lateral carcinoma in 
the left breast. (a) In the CEUS procedure, a fluent flow of US contrast is visible in a single 
lymph vessel (arrow head) heading to axillary LN (arrow). (b) Enhancements of two axillary LNs 
were present (arrow and double arrow). (c) The first LN to enhance (arrow) (a and b) had a 





2.3.5 Magnetic resonance imaging and diffusion weighted imaging 
Axillary LNs in level I are usually visible in traditionally positioned breast MRI and in most 
cases, some additional LNs from levels II - III. Since the SLN is often the lowest possible 
axillary LN (171) and is most likely to be affected, the use of simultaneous imaging and 
analysis of the axilla with breast MR and DWI is very attractive from a clinical point of 
view. The LNs are easily recognised from the axillary fat in anatomical T1- and contrast-
enhanced T1-fat saturated-sequences and well visualised in the DWI as high intensity 
lesions. The following morphological features of axillary LNs on MRI have been found to 
significantly associate with metastases; irregular margin, inhomogeneous cortex, perifocal 
edema and asymmetry (172). The reported mean sensitivity and specificity of basic MR 
techniques in detecting metastatic LNs are moderate and vary greatly between studies 
included in review articles (sensitivity of 88.0 % and specificity of 73.0 %) (116). These are 
studies based on morphological evaluation of the LNs. In conjunction with improving 
image quality and generalisation of DWI in breast MR imaging, also axillary staging with 
DWI and quantitative ADC measurements have been attempted recently and are being 
investigated intensively. 
There are a limited number of articles concerning the axillary DWI and the use of ADC 
values in the evaluation of breast cancer’s axillary metastases (173-179). Nevertheless, the 
studies seem to indicate that an axillary metastasis is significantly associated to decreasing 
ADC values paralleling the behaviour of ADC values with breast tumours and other 
malignancies. The studies currently available are reviewed in Table 2 and were mainly 
performed with 1.5T field strength. In the most recent studies, the higher field strength, 




























































































































































































































































































































































































































































































































































































































































































































































The possible explanations for unsatisfactory diagnostic accuracy of DWI with axillary 
metastases may include partial volume effects since LNs are often relatively small 
(diameters less than 0.5 cm). Furthermore, not only metastasis, but other reasons such as 
reactive hyperplasia and fibrotic proliferation possibly affect diffusion and the ADC values. 
The inclusion of the minimum b value of 0 s/mm2 in ADC calculations and the use of 
monoexponential fit can lead to possible perfusion contamination from red blood cells 
moving in the small capillaries (78). 
In the evaluation of the ADC values, the hand drawn region of interest (ROI) based 
techniques have their own limitations such as ROI reproducibility and accuracy. In 
addition, the size of the ROI will affect the obtained ADC values. In a study concerning the 
optimal ROI size in DWI imaging and ADC analysis of breast lesions, a small sized ROI 
placed on the region of most restricted diffusion, was shown to be more accurate than a 
larger ROI covering the whole breast lesion (180). Nevertheless, it also remains difficult to 
correlate ROIs directly from anatomical images and contrast sequences, where lesions are 
best visualised, due to common distortions of the DWI causing shifts in the position (78). 
Semi-automated methods for performing a voxelwise analysis or reduced field of view-
techniques have shown promise for overcoming these challenges (80,181). Before these 
methods become commercially available, it would be advantageous if the recognition of 
LNs on ADC maps could be conducted with comparison to anatomical sequences with 
localisation tools in a work station. 
2.4 NEW TECHNIQUES FOR AXILLARY STAGING 
New imaging and combination techniques to stage the axilla have been described in the 
literature. The CEUS technique has been applied in animal models where the SLN has been 
percutaneously excised by using the Intact Breast Lesion Excision System (BLES, Intact 
Medical, Framingham, MA, USA) (182). Other new US techniques, such as elastography, 
have been investigated. US elastography is an imaging method utilising the long-
established clinical awareness that malignant lesions are often stiffer than the surrounding 
tissues. The sensitivity of elastography to detect LN metastases in breast cancer has been 
reported between 60.0 – 90.0 % with specificity between 79.6 – 89.0 % (183,184). The best 
specificity (99.3 %) was achieved by combining B-mode US with the elastogram (cortex 
thickness > 3.0 mm and blue cortex in visual elastogram), but with very low sensitivity (26.7 
%) (184).  
Some new MR techniques for breast imaging, which may be exploited later for axillary 
imaging, have been presented in the literature such as 7.0T imaging (185) and diffusion-
tensor imaging in preliminary studies (186,187). A few reports on MRS in the detection of 
axillary metastases can be found (188,189) with a reported sensitivity of 82.0 % to detect 
axillary metastases with addition of FNA (189).  
The highest diagnostic values for noninvasive imaging have been reported for ultrasmall 
superparamagnetic iron oxide (USPIO) -enhanced MRI. In this method, after intravenous 
injection of USPIO-contrast, the normal LNs accumulate iron-containing nanoparticles that 
reduce the nodal signal due to susceptibility effects, while metastatic LNs do not 
accumulate the nanoparticles and thus they continue to display a high signal intensity in T2 
or T2*-weighted images (190). USPIO-contrast has been added also to DWI in a preliminary 
study with 16 breast cancer patients and 286 LNs. In that study the sensitivity of USPIO-
MRI increased with DWI versus T1- / T2*-images (83.0 % vs 70.0 %) both having high 
specificities (98.0 %) (191). In a meta-analysis and review of MR assessment for axillary 
metastases in early stage breast cancer, the mean sensitivity for USPIO-MRI was stated as 
being 98.0 % with specificity of 96.0 % across five different studies. With respect to contrast-
enhanced MR, the corresponding values were 88.0 % and 73.0 % (116). 
New techniques for sentinel LN localisation during surgery have also been introduced 
such as magnetic tracers or indocyanine green tracers to overcome the disadvantages of 
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radioisotope and blue dye. In multicenter studies, the labeled sentinel LNs were identified 
either with a hand-held magnetom or with a fluorescence-based method and high detection 
rates were observed (192,193). In addition, attempts have been made to supplement the 
sentinel localisation with a combination of gamma probe and US-guided hook-wire 





3 Aims of the Study 
The general aim of the study was to undertake a prospective investigation of new methods 
of preoperative imaging and image-guided interventions in staging axillary lymph node 
metastasis in newly diagnosed breast cancer patients. 
 
The more specific aims were:  
 
I To compare the diagnostic accuracy of ultrasound-guided fine-needle aspiration and 
core-needle biopsy of the axillary lymph nodes. 
 
II  To investigate the feasibility and diagnostic performance of magnetic diffusion 
weighted imaging at 3.0 Tesla in the detection of axillary metastasis in a clinical 
setting and to determine the accurate apparent diffusion coefficient values for 
histologically proven metastatic lymph nodes. 
 
III  To evaluate the feasibility and accuracy of contrast-enhanced ultrasound-guided core 




7 General Discussion 
7.1 STUDY I 
There are currently three prospective studies available which have conducted a comparison 
of axillary CB and FNA in axillary biopsy (154,155,212). In these publications, CB has 
displayed higher performance values than FNA; sensitivity of 88.0 % vs 73.0 % (study I), 
77.0 % vs 73.0 % (154) and 83.0 % vs 72.0 % (155), respectively. Nonetheless, the difference 
has not quite achieved statistical significance except in study I in this thesis (88.0 % vs 73.0 
%, p = 0.008). Furthermore, similar results with respect to sensitivity were found in a recent 
meta-analysis (83.0 % for CB vs 72.0 % for FNA) (124). While lacking statistical significance, 
the studies concluded that either needle could be used according to availability of the 
cytopathologist and accessability of the target LN (155) or recommended the FNA due to its 
minimal invasiveness and lower cost (154). The latter could be contradicted as described 
earlier in chapter 2.1.5 with breast tumours, at least in Finnish health care system (56). The 
comparative studies have also methodological limitations which might affect the results; 
one study used variable needle types and sizes as well as single to multiple passes in their 
subgroup analysis (155) and the other trial was limited by its small sample size and 
potential variability among the radiologists performing the procedures (154). In addition 
selection bias and the lack of standardised criteria for the patient populations were 
additional limitations reported.  
Interestingly, in addition to the aforementioned reasons in the previous chapters, the 
histology of the primary cancer has been reported to considerably influence the accuracy of 
preoperative radiological staging (139,220); this issue was not addressed in detail in this 
thesis and should receive more attention in the future. In a retrospective analysis from 2010, 
the preoperative US showed significantly higher false-negative rates in detecting N2 - N3 
axillary metastases from invasive lobular cancer (ILC) than invasive ductal carcinoma 
(IDC)(139). Similarly, a retrospectively study on axillary LN FNA reported more false 
negative biopsy results with ILC than IDC (false negative rate 46.4 % vs 1.6 %) (221). The 
difference was thought to arise from the different histology of these cancer types since the 
cells in the ILC nodal metastases are small and non-cohesive (222) and therefore more 
difficult to detect with cytology. Nonetheless, similar results have been found with CBs; in 
a prospective study with 142 patients, the sensitivity of axillary CB in ILC was 36.0 % vs 
76.0 % for all other cancer types (223).  
7.2 STUDY II 
In agreement with the results of study II in this thesis, decreased ADC values have been 
clearly associated with axillary malignancy in several other studies (173-179). The ADC 
values obtained are dependent on the maximum b-values used (85) and this introduces 
problems in the comparison of ADC values between different studies. In the literature, 
there are three studies with similar minimum and maximum b-values (0 and 800) as 
employed in study II in this thesis, and the ADC values for malignant LNs have varied 
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between 0.698 - 0.878 x 10-3mm2/s (174,176,178,224). Eventhough the sensitivity of DWI to 
detect metastasis was reported at best as perfect (100 %) in one study (177), but because it 
has lower than 100 % specificity (54.0 - 91.7 %), the method cannot be used in the treatment 
management in clinical breast cancer patients.  
The analysis of LNs has shown to be problematic due to several reasons, even without 
taking into account the variability and quality of DWI acquisition and interpretation. The 
cancerous LNs can be very small and the lack of histopathologic verification has been one 
problem. To overcome this issue, histological verification with US-guided needle biopsies 
and correlation with DWI has been performed also in some recent studies published almost 
simultaneously with study II in this thesis (178,179,224). The ADC values of histologically 
proven metastatic LNs seem to vary between 0.663 - 0.746 x 10-3mm2/s and are clearly lower 
than in the benign LNs (178,224). 
7.3 STUDY III 
In study III, the CEUS sentinel procedure made it possible to biopsy the actual first LNs 
draining lymphatics from the breast and this technique could detect all patients with higher 
axillary tumour burdens. The procedure could be performed without particular hands-on 
training and it was proved to be valuable.  However, before it can be introduced into 
clinical use, some limitations should be considered. The CEUS procedure has the same 
limitations as the isotope-injections as well as a restricted time-window related to the 
sustainability of the gas-bubbles in the contrast fluid. In some cases, there was no 
enhancement seen in the axilla and a decreased flow of contrast in the lymph channels. This 
could be related to known causes of failure in the traditional isotope-sentinel identification, 
such as increasing age and weight of the patient, as well as tumour-related reasons (size, 
location, palpability) (225). The CEUS injection cannot be injected subdermally or 
peritumorally, since the faster lymph flow in the superficial network is required in order to 
keep the bubbles intact and contrast visual in US.  
As new evidence emerges on the issue of axillary burden, the CEUS may acquire an 
additional role to screen out a higher axillary burden. Moreover, since the ACOSOG or 
AMAROS studies’ conclusions are not currently accepted in Finnish breast centers, CEUS 
CB could be used in all node negative cases until the role of axillary biopsies is finally 
resolved. The additional limitation of the CEUS-CB is that currently the majority of the 
axillary CEUS-sentinel publications are from single institution and the validation of the 
method in other institutions is scanty. Clearly the CEUS sentinel procedure needs to be 
examined more widely before it can gain acceptance for widespread clinical routine. Other 
oncological applications for contrast in sentinel procedure are under investigation, for 
example in melanoma, but with limited success in lymphatic enhancement (226). As 
experience grows and the procedure becomes more widely used around the world, also the 
enhancement type of LNs, flow of the contrast and 3D-contrast imaging may become topics 
of research.  
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7.4 GENERAL DISCUSSION, CLINICAL RELEVANCE AND FUTURE 
ASPECTS 
As many as 40.0 % of breast cancer patients have axillary lymph node metastases and 
preoperative staging screens about half of the patients directly to ALND. The trend and 
goal of recent randomized control trials (ACOSOG, AMAROS) have been to find 
compensatory treatments for the metastatic axillae (19,20). There are relevant questions i.e. 
whether the axillary evacuation is needed for all patients with a low axillary tumour 
burden, since the axilla is often treated with radiotherapy.  Rather surprisingly to for 
European clinicians, the American ASCO guideline already states that ALND should not be 
recommended for women with early-stage breast cancer who will have one or two sentinel 
lymph node metastases and will receive breast-conserving surgery with conventionally 
fractionated whole-breast radiotherapy (227). This approach is not accepted in European 
centers since the trials, on which the guideline was based have been heavily criticised, for 
example the follow-up time of these studies is considered to have been too short. In Finnish 
breast centers, the changes to clinical practice are applied more cautiously; currently the 
need for routine SLN frozen sections has been questioned and found unnecessary with 
unifocal small breast tumours (< 15.0 mm) and US negative axilla since any 
macrometastases are randomly found (140). In addition, the ALND is no longer justified 
with micrometastases in frozen sections (228).  
Within a few years, the role of axillary US and US-guided biopsies may change, when 
the results emerge from two European randomized control trials (SOUND and INSEMA) 
(114,115). It could be speculated, that the role of axillary US might increase after the results 
of these studies. Moreover, the criteria by which LNs are considered malignant in these 
trials, are to shed light on preoperative axillary interventions and may assist the creation of 
more uniform guidelines for axillary LN biopsies. The limit of 2.0 mm for cortical thickness 
according to NICE and national guidelines (53,121), was used in this thesis with good 
diagnostic figures but the limit might be too strict for small unifocal tumours (T1) and lead 
to excessive axillary biopsies since the axillary positivity in this patient population is low 
(26.5 %). 
The studies in this thesis have some limitations. The patient populations in each study 
are quite small. This is due to the size of our institute where only around 220 new breast 
cancer patients are operated each year. There were some factors in the inclusion criteria 
(preoperatively BI-RADS 5 and 6 lesions) that caused bias in each study concerning the 
axillary positivity. In study I, all new consecutive patients with confirmed invasive breast 
cancer in the preoperative breast biopsy were evaluated. Hence the axillary positivity (42.0 
%) was probably slightly overrepresented at least in small breast tumours. Moreover, due 
to the clinical breast MRI criteria, the axillary positivity (54.0 %) in patients in study II was 
clearly higher than in the normal patient population. The EUSOMA guideline (69) was 
utilised and there were more larger tumours and younger patients in this study. On the 
other hand, the inclusion criteria for axillary negativity in study III was very strict and the 
number of axillary metastasis was low (16.7 %). Hence, the possibility to conduct a 
subgroup analysis for tumour burden was quite limited.  
Finally, axillary staging of breast cancer is inevitably changing with current knowledge 
and the future role of axillary US and biopsies is uncertain. What one can predict is that the 
role of radiology will increase in the future as more accurate preoperative breast 
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diagnostics is required in the planning of treatment. This demand will be linked not only to 
the introduction of new surgical procedures of the breast but also with the refinement of 







I Since the accuracy of axillary US is increased with axillary lymph node needle biopsies 
and core biopsy, this procedure is recommended due to its higher sensitivity over fine-
needle aspiration. New and accurate non-invasive methods to stage the axilla in newly 
diagnosed invasive breast cancer are needed in this era of changing treatment strategies.  
 
II The diagnostic figures for DWI at the moment are moderate. Decreased ADC values 
associate strongly to metastasis in the axillary LNs. Standardisation of DWI techniques and 
interpretation is needed and currently the method cannot be used to substitute for SLNB or 
US-guided biopsies.  
 
III Contrast-enhanced ultrasound-guided percutaneous sentinel biopsy is a feasible 
intervention and it was able to exclude patients with a high axillary tumour burden. The 
coil marking approach cannot be recommended. More studies will be needed to validate 








(1) Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, et al. Cancer 
incidence and mortality worldwide: sources, methods and major patterns in GLOBOCAN 
2012. Int J Cancer 2015 Mar 1;136(5):E359-86. 
(2) Montemurro F, Maggiorotto F, Valabrega G, Kubatzki F, Rossi V, Magistris A, et al. 
Omission of axillary dissection after a positive sentinel node dissection may influence 
adjuvant chemotherapy indications in operable breast cancer patients. Ann Surg Oncol 2012 
Nov;19(12):3755-3761. 
(3) Goldhirsch A, Wood WC, Coates AS, Gelber RD, Thurlimann B, Senn HJ, et al. 
Strategies for subtypes--dealing with the diversity of breast cancer: highlights of the St. 
Gallen International Expert Consensus on the Primary Therapy of Early Breast Cancer 2011. 
Ann Oncol 2011 Aug;22(8):1736-1747. 
(4) Veronesi U, Boyle P, Goldhirsch A, Orecchia R, Viale G. Breast cancer. Lancet 2005 May 
14-20;365(9472):1727-1741. 
(5) Benson JR, Jatoi I, Keisch M, Esteva FJ, Makris A, Jordan VC. Early breast cancer. Lancet 
2009 Apr 25;373(9673):1463-1479. 
(6) Early Breast Cancer Trialists' Collaborative Group (EBCTCG). Effects of chemotherapy 
and hormonal therapy for early breast cancer on recurrence and 15-year survival: an 
overview of the randomised trials. Lancet 2005 May 14-20;365(9472):1687-1717. 
(7) Early Breast Cancer Trialists' Collaborative Group (EBCTCG), Darby S, McGale P, 
Correa C, Taylor C, Arriagada R, et al. Effect of radiotherapy after breast-conserving 
surgery on 10-year recurrence and 15-year breast cancer death: meta-analysis of individual 
patient data for 10,801 women in 17 randomised trials. Lancet 2011 Nov 12;378(9804):1707-
1716. 
(8) Shen Y, Yang Y, Inoue LY, Munsell MF, Miller AB, Berry DA. Role of detection method 
in predicting breast cancer survival: analysis of randomized screening trials. J Natl Cancer 
Inst 2005 Aug 17;97(16):1195-1203. 
(9) Joensuu H, Lehtimaki T, Holli K, Elomaa L, Turpeenniemi-Hujanen T, Kataja V, et al. 
Risk for distant recurrence of breast cancer detected by mammography screening or other 
methods. JAMA 2004 Sep 1;292(9):1064-1073. 
72 
 
(10) Lehtimaki T, Lundin M, Linder N, Sihto H, Holli K, Turpeenniemi-Hujanen T, et al. 
Long-term prognosis of breast cancer detected by mammography screening or other 
methods. Breast Cancer Res 2011;13(6):R134. 
(11) Gotzsche PC, Jorgensen KJ. Screening for breast cancer with mammography. Cochrane 
Database Syst Rev 2013 Jun 4;6:CD001877. 
(12) Sihto H, Lundin J, Lehtimaki T, Sarlomo-Rikala M, Butzow R, Holli K, et al. Molecular 
subtypes of breast cancers detected in mammography screening and outside of screening. 
Clin Cancer Res 2008 Jul 1;14(13):4103-4110. 
(13) Giuliano AE, Kirgan DM, Guenther JM, Morton DL. Lymphatic mapping and sentinel 
lymphadenectomy for breast cancer. Ann Surg 1994 Sep;220(3):391-8; discussion 398-401. 
(14) O'Hea BJ, Hill AD, El-Shirbiny AM, Yeh SD, Rosen PP, Coit DG, et al. Sentinel lymph 
node biopsy in breast cancer: initial experience at Memorial Sloan-Kettering Cancer Center. 
J Am Coll Surg 1998 Apr;186(4):423-427. 
(15) Bruneton JN, Caramella E, Hery M, Aubanel D, Manzino JJ, Picard JL. Axillary lymph 
node metastases in breast cancer: preoperative detection with US. Radiology 1986 
Feb;158(2):325-326. 
(16) Mustonen P, Farin P, Kosunen O. Ultrasonographic detection of metastatic axillary 
lymph nodes in breast cancer. Ann Chir Gynaecol 1990;79(1):15-18. 
(17) Bonnema J, van Geel AN, van Ooijen B, Mali SP, Tjiam SL, Henzen-Logmans SC, et al. 
Ultrasound-guided aspiration biopsy for detection of nonpalpable axillary node metastases 
in breast cancer patients: new diagnostic method. World J Surg 1997 Mar-Apr;21(3):270-274. 
(18) Verbanck J, Vandewiele I, De Winter H, Tytgat J, Van Aelst F, Tanghe W. Value of 
axillary ultrasonography and sonographically guided puncture of axillary nodes: a 
prospective study in 144 consecutive patients. J Clin Ultrasound 1997 Feb;25(2):53-56. 
(19) Giuliano AE, Hunt KK, Ballman KV, Beitsch PD, Whitworth PW, Blumencranz PW, et 
al. Axillary dissection vs no axillary dissection in women with invasive breast cancer and 
sentinel node metastasis: a randomized clinical trial. JAMA 2011 Feb 9;305(6):569-575. 
(20) Donker M, van Tienhoven G, Straver ME, Meijnen P, van de Velde CJ, Mansel RE, et al. 
Radiotherapy or surgery of the axilla after a positive sentinel node in breast cancer (EORTC 
10981-22023 AMAROS): a randomised, multicentre, open-label, phase 3 non-inferiority 
trial. Lancet Oncol 2014 Nov;15(12):1303-1310. 
(21) D’Orsi C, Mendelson E, Ikeda D, et al. editor. Breast Imaging Reporting and Data 
System:ACR BI-RADS-breast imaging atlas. Reston, Va: American College of Radiology. 1st 
ed.: Reston, Va: American College of Radiology; 2003. 
73 
 
(22) Mercado CL. BI-RADS update. Radiol Clin North Am 2014 May;52(3):481-487. 
(23) Gold RH. The evolution of mammography. Radiol Clin North Am 1992 Jan;30(1):1-19. 
(24) Tabar L, Fagerberg CJ, Gad A, Baldetorp L, Holmberg LH, Grontoft O, et al. Reduction 
in mortality from breast cancer after mass screening with mammography. Randomised trial 
from the Breast Cancer Screening Working Group of the Swedish National Board of Health 
and Welfare. Lancet 1985 Apr 13;1(8433):829-832. 
(25) Berg WA, Gutierrez L, NessAiver MS, Carter WB, Bhargavan M, Lewis RS, et al. 
Diagnostic accuracy of mammography, clinical examination, US, and MR imaging in 
preoperative assessment of breast cancer. Radiology 2004 Dec;233(3):830-849. 
(26) Freer PE. Mammographic breast density: impact on breast cancer risk and implications 
for screening. Radiographics 2015 Mar-Apr;35(2):302-315. 
(27) Shtern F. Digital mammography and related technologies: a perspective from the 
National Cancer Institute. Radiology 1992 Jun;183(3):629-630. 
(28) McCormack VA, dos Santos Silva I. Breast density and parenchymal patterns as 
markers of breast cancer risk: a meta-analysis. Cancer Epidemiol Biomarkers Prev 2006 
Jun;15(6):1159-1169. 
(29) Chiu SY, Duffy S, Yen AM, Tabar L, Smith RA, Chen HH. Effect of baseline breast 
density on breast cancer incidence, stage, mortality, and screening parameters: 25-year 
follow-up of a Swedish mammographic screening. Cancer Epidemiol Biomarkers Prev 2010 
May;19(5):1219-1228. 
(30) Masarwah A, Auvinen P, Sudah M, Rautiainen S, Sutela A, Pelkonen O, et al. Very low 
mammographic breast density predicts poorer outcome in patients with invasive breast 
cancer. Eur Radiol 2015 Jul;25(7):1875-1882. 
(31) Porter AJ, Evans EB, Foxcroft LM, Simpson PT, Lakhani SR. Mammographic and 
ultrasound features of invasive lobular carcinoma of the breast. J Med Imaging Radiat 
Oncol 2014 Feb;58(1):1-10. 
(32) Rafferty EA, Park JM, Philpotts LE, Poplack SP, Sumkin JH, Halpern EF, et al. 
Assessing radiologist performance using combined digital mammography and breast 
tomosynthesis compared with digital mammography alone: results of a multicenter, 
multireader trial. Radiology 2013 Jan;266(1):104-113. 
(33) Skaane P, Bandos AI, Gullien R, Eben EB, Ekseth U, Haakenaasen U, et al. Comparison 
of digital mammography alone and digital mammography plus tomosynthesis in a 
population-based screening program. Radiology 2013 Apr;267(1):47-56. 
74 
 
(34) Michell MJ, Iqbal A, Wasan RK, Evans DR, Peacock C, Lawinski CP, et al. A 
comparison of the accuracy of film-screen mammography, full-field digital mammography, 
and digital breast tomosynthesis. Clin Radiol 2012 Oct;67(10):976-981. 
(35) Fornvik D, Zackrisson S, Ljungberg O, Svahn T, Timberg P, Tingberg A, et al. Breast 
tomosynthesis: Accuracy of tumor measurement compared with digital mammography 
and ultrasonography. Acta Radiol 2010 Apr;51(3):240-247. 
(36) Skaane P, Gullien R, Bjorndal H, Eben EB, Ekseth U, Haakenaasen U, et al. Digital 
breast tomosynthesis (DBT): initial experience in a clinical setting. Acta Radiol 2012 Jun 
1;53(5):524-529. 
(37) Lei J, Yang P, Zhang L, Wang Y, Yang K. Diagnostic accuracy of digital breast 
tomosynthesis versus digital mammography for benign and malignant lesions in breasts: a 
meta-analysis. Eur Radiol 2014 Mar;24(3):595-602. 
(38) Lehman CD, Lee CI, Loving VA, Portillo MS, Peacock S, DeMartini WB. Accuracy and 
value of breast ultrasound for primary imaging evaluation of symptomatic women 30-39 
years of age. AJR Am J Roentgenol 2012 Nov;199(5):1169-1177. 
(39) National Collaborating Centre for Cancer (UK). NICE guideline for familial breast 
cancer: classification and care of people with risk of familial breast cancer and management 
of breast cancer and related risk in people with family history of breast cancer.   Clinical 
guidelines 2013 Jun;CG164. 
(40) Hooley RJ, Scoutt LM, Philpotts LE. Breast ultrasonography: state of the art. Radiology 
2013 Sep;268(3):642-659. 
(41) Huang CS, Wu CY, Chu JS, Lin JH, Hsu SM, Chang KJ. Microcalcifications of non-
palpable breast lesions detected by ultrasonography: correlation with mammography and 
histopathology. Ultrasound Obstet Gynecol 1999 Jun;13(6):431-436. 
(42) Grigoryev M, Thomas A, Plath L, Durmus T, Slowinski T, Diekmann F, et al. Detection 
of microcalcifications in women with dense breasts and hypoechoic focal lesions: 
comparison of mammography and ultrasound. Ultraschall Med 2014 Dec;35(6):554-560. 
(43) Bae MS, Moon WK, Chang JM, Koo HR, Kim WH, Cho N, et al. Breast cancer detected 
with screening US: reasons for nondetection at mammography. Radiology 2014 
Feb;270(2):369-377. 
(44) Albayrak ZK, Onay HK, Karatag GY, Karatag O. Invasive lobular carcinoma of the 




(45) Stavros AT, Thickman D, Rapp CL, Dennis MA, Parker SH, Sisney GA. Solid breast 
nodules: use of sonography to distinguish between benign and malignant lesions. 
Radiology 1995 Jul;196(1):123-134. 
(46) Spick C, Baltzer PA. Diagnostic utility of second-look US for breast lesions identified at 
MR imaging: systematic review and meta-analysis. Radiology 2014 Nov;273(2):401-409. 
(47) Blomley MJ, Cooke JC, Unger EC, Monaghan MJ, Cosgrove DO. Microbubble contrast 
agents: a new era in ultrasound. BMJ 2001 May 19;322(7296):1222-1225. 
(48) Claudon M, Dietrich CF, Choi BI, Cosgrove DO, Kudo M, Nolsoe CP, et al. Guidelines 
and good clinical practice recommendations for Contrast Enhanced Ultrasound (CEUS) in 
the liver - update 2012: A WFUMB-EFSUMB initiative in cooperation with representatives 
of AFSUMB, AIUM, ASUM, FLAUS and ICUS. Ultrasound Med Biol 2013 Feb;39(2):187-
210. 
(49) Abbas A, Hansrani V, Sedgwick N, Ghosh J, McCollum CN. 3D contrast enhanced 
ultrasound for detecting endoleak following endovascular aneurysm repair (EVAR). Eur J 
Vasc Endovasc Surg 2014 May;47(5):487-492. 
(50) Hu Q, Wang XY, Zhu SY, Kang LK, Xiao YJ, Zheng HY. Meta-analysis of contrast-
enhanced ultrasound for the differentiation of benign and malignant breast lesions. Acta 
Radiol 2015 Jan;56(1):25-33. 
(51) Parker SH, Burbank F, Jackman RJ, Aucreman CJ, Cardenosa G, Cink TM, et al. 
Percutaneous large-core breast biopsy: a multi-institutional study. Radiology 1994 
Nov;193(2):359-364. 
(52) Youk JH, Kim EK, Kim MJ, Lee JY, Oh KK. Missed breast cancers at US-guided core 
needle biopsy: how to reduce them. Radiographics 2007 Jan-Feb;27(1):79-94. 
(53) Suomen Rintasyöpäryhmä ry. Rintasyövän valtakunnallinen diagnostiikka- ja 
hoitosuositus. 2013. 
(54) Fishman JE, Milikowski C, Ramsinghani R, Velasquez MV, Aviram G. US-guided core-
needle biopsy of the breast: how many specimens are necessary? Radiology 2003 
Mar;226(3):779-782. 
(55) Koskela AK, Sudah M, Berg MH, Karja VJ, Mustonen PK, Kataja V, et al. Add-on 
device for stereotactic core-needle breast biopsy: how many biopsy specimens are needed 
for a reliable diagnosis? Radiology 2005 Sep;236(3):801-809. 
(56) Hukkinen K, Kivisaari L, Heikkila PS, Von Smitten K, Leidenius M. Unsuccessful 
preoperative biopsies, fine needle aspiration cytology or core needle biopsy, lead to 
increased costs in the diagnostic workup in breast cancer. Acta Oncol 2008;47(6):1037-1045. 
76 
 
(57) Kettritz U, Rotter K, Schreer I, Murauer M, Schulz-Wendtland R, Peter D, et al. 
Stereotactic vacuum-assisted breast biopsy in 2874 patients: a multicenter study. Cancer 
2004 Jan 15;100(2):245-251. 
(58) Liberman L, Sama MP. Cost-effectiveness of stereotactic 11-gauge directional vacuum-
assisted breast biopsy. AJR Am J Roentgenol 2000 Jul;175(1):53-58. 
(59) Schrading S, Distelmaier M, Dirrichs T, Detering S, Brolund L, Strobel K, et al. Digital 
breast tomosynthesis-guided vacuum-assisted breast biopsy: initial experiences and 
comparison with prone stereotactic vacuum-assisted biopsy. Radiology 2015 
Mar;274(3):654-662. 
(60) Allen SD, Nerurkar A, Della Rovere GU. The breast lesion excision system (BLES): a 
novel technique in the diagnostic and therapeutic management of small indeterminate 
breast lesions? Eur Radiol 2011 May;21(5):919-924. 
(61) Allen SD, Osin P, Nerurkar A. The radiological excision of high risk and malignant 
lesions using the INTACT breast lesion excision system. A case series with an imaging 
follow up of at least 5 years. Eur J Surg Oncol 2014 Jul;40(7):824-829. 
(62) Heywang SH, Hahn D, Schmidt H, Krischke I, Eiermann W, Bassermann R, et al. MR 
imaging of the breast using gadolinium-DTPA. J Comput Assist Tomogr 1986 Mar-
Apr;10(2):199-204. 
(63) Peters NH, Borel Rinkes IH, Zuithoff NP, Mali WP, Moons KG, Peeters PH. Meta-
analysis of MR imaging in the diagnosis of breast lesions. Radiology 2008 Jan;246(1):116-
124. 
(64) Kuhl CK, Mielcareck P, Klaschik S, Leutner C, Wardelmann E, Gieseke J, et al. Dynamic 
breast MR imaging: are signal intensity time course data useful for differential diagnosis of 
enhancing lesions? Radiology 1999 Apr;211(1):101-110. 
(65) Schnall MD, Blume J, Bluemke DA, DeAngelis GA, DeBruhl N, Harms S, et al. 
Diagnostic architectural and dynamic features at breast MR imaging: multicenter study. 
Radiology 2006 Jan;238(1):42-53. 
(66) Pinker-Domenig K, Bogner W, Gruber S, Bickel H, Duffy S, Schernthaner M, et al. High 
resolution MRI of the breast at 3 T: which BI-RADS(R) descriptors are most strongly 
associated with the diagnosis of breast cancer? Eur Radiol 2012 Feb;22(2):322-330. 
(67) Bassett LW, Dhaliwal SG, Eradat J, Khan O, Farria DF, Brenner RJ, et al. National 
trends and practices in breast MRI. AJR Am J Roentgenol 2008 Aug;191(2):332-339. 
(68) Mann RM, Kuhl CK, Kinkel K, Boetes C. Breast MRI: guidelines from the European 
Society of Breast Imaging. Eur Radiol 2008 Jul;18(7):1307-1318. 
77 
 
(69) Sardanelli F, Boetes C, Borisch B, Decker T, Federico M, Gilbert FJ, et al. Magnetic 
resonance imaging of the breast: recommendations from the EUSOMA working group. Eur 
J Cancer 2010 May;46(8):1296-1316. 
(70) Turnbull L, Brown S, Harvey I, Olivier C, Drew P, Napp V, et al. Comparative 
effectiveness of MRI in breast cancer (COMICE) trial: a randomised controlled trial. Lancet 
2010 Feb 13;375(9714):563-571. 
(71) Peters NH, van Esser S, van den Bosch MA, Storm RK, Plaisier PW, van Dalen T, et al. 
Preoperative MRI and surgical management in patients with nonpalpable breast cancer: the 
MONET - randomised controlled trial. Eur J Cancer 2011 Apr;47(6):879-886. 
(72) Gonzalez V, Sandelin K, Karlsson A, Aberg W, Lofgren L, Iliescu G, et al. Preoperative 
MRI of the breast (POMB) influences primary treatment in breast cancer: a prospective, 
randomized, multicenter study. World J Surg 2014 Jul;38(7):1685-1693. 
(73) Cardoso F, Loibl S, Pagani O, Graziottin A, Panizza P, Martincich L, et al. The 
European Society of Breast Cancer Specialists recommendations for the management of 
young women with breast cancer. Eur J Cancer 2012 Dec;48(18):3355-3377. 
(74) Kriege M, Brekelmans CT, Boetes C, Besnard PE, Zonderland HM, Obdeijn IM, et al. 
Efficacy of MRI and mammography for breast-cancer screening in women with a familial or 
genetic predisposition. N Engl J Med 2004 Jul 29;351(5):427-437. 
(75) Kuhl CK, Jost P, Morakkabati N, Zivanovic O, Schild HH, Gieseke J. Contrast-
enhanced MR imaging of the breast at 3.0 and 1.5 T in the same patients: initial experience. 
Radiology 2006 Jun;239(3):666-676. 
(76) Mountford C, Ramadan S, Stanwell P, Malycha P. Proton MRS of the breast in the 
clinical setting. NMR Biomed 2009 Jan;22(1):54-64. 
(77) Baltzer PA, Dietzel M, Kaiser WA. MR-spectroscopy at 1.5 tesla and 3 tesla. Useful? A 
systematic review and meta-analysis. Eur J Radiol 2012 Sep;81 Suppl 1:S6-9. 
(78) Partridge SC, McDonald ES. Diffusion weighted magnetic resonance imaging of the 
breast: protocol optimization, interpretation, and clinical applications. Magn Reson 
Imaging Clin N Am 2013 Aug;21(3):601-624. 
(79) Cakir O, Arslan A, Inan N, Anik Y, Sarisoy T, Gumustas S, et al. Comparison of the 
diagnostic performances of diffusion parameters in diffusion weighted imaging and 
diffusion tensor imaging of breast lesions. Eur J Radiol 2013 Dec;82(12):e801-6. 
(80) Dong H, Li Y, Li H, Wang B, Hu B. Study of the reduced field-of-view diffusion-
weighted imaging of the breast. Clin Breast Cancer 2014 Aug;14(4):265-271. 
78 
 
(81) Nogueira L, Brandao S, Matos E, Nunes RG, Ferreira HA, Loureiro J, et al. Diffusion-
weighted breast imaging at 3 T: Preliminary experience. Clin Radiol 2014 Apr;69(4):378-384. 
(82) Park SH, Choi HY, Hahn SY. Correlations between apparent diffusion coefficient 
values of invasive ductal carcinoma and pathologic factors on diffusion-weighted MRI at 
3.0 Tesla. J Magn Reson Imaging 2015 Jan;41(1):175-182. 
(83) Chen X, Li WL, Zhang YL, Wu Q, Guo YM, Bai ZL. Meta-analysis of quantitative 
diffusion-weighted MR imaging in the differential diagnosis of breast lesions. BMC Cancer 
2010 Dec 29;10:693-2407-10-693. 
(84) Dorrius MD, Dijkstra H, Oudkerk M, Sijens PE. Effect of b value and pre-admission of 
contrast on diagnostic accuracy of 1.5-T breast DWI: a systematic review and meta-analysis. 
Eur Radiol 2014 Nov;24(11):2835-2847. 
(85) Bogner W, Gruber S, Pinker K, Grabner G, Stadlbauer A, Weber M, et al. Diffusion-
weighted MR for differentiation of breast lesions at 3.0 T: how does selection of diffusion 
protocols affect diagnosis? Radiology 2009 Nov;253(2):341-351. 
(86) Matsuoka A, Minato M, Harada M, Kubo H, Bandou Y, Tangoku A, et al. Comparison 
of 3.0-and 1.5-tesla diffusion-weighted imaging in the visibility of breast cancer. Radiat 
Med 2008 Jan;26(1):15-20. 
(87) Lyman GH, Giuliano AE, Somerfield MR, Benson AB,3rd, Bodurka DC, Burstein HJ, et 
al. American Society of Clinical Oncology guideline recommendations for sentinel lymph 
node biopsy in early-stage breast cancer. J Clin Oncol 2005 Oct 20;23(30):7703-7720. 
(88) Barone JE, Tucker JB, Perez JM, Odom SR, Ghevariya V. Evidence-based medicine 
applied to sentinel lymph node biopsy in patients with breast cancer. Am Surg 2005 
Jan;71(1):66-70. 
(89) Blichert-Toft M. Axillary surgery in breast cancer management--background, incidence 
and extent of nodal spread, extent of surgery and accurate axillary staging, surgical 
procedures. Acta Oncol 2000;39(3):269-275. 
(90) Veronesi U, Viale G, Paganelli G, Zurrida S, Luini A, Galimberti V, et al. Sentinel 
lymph node biopsy in breast cancer: ten-year results of a randomized controlled study. Ann 
Surg 2010 Apr;251(4):595-600. 
(91) Galimberti V, Manika A, Maisonneuve P, Corso G, Salazar Moltrasio L, Intra M, et al. 
Long-term follow-up of 5262 breast cancer patients with negative sentinel node and no 




(92) Dialani V, James DF, Slanetz PJ. A practical approach to imaging the axilla. Insights 
Imaging 2015 Apr;6(2):217-229. 
(93) Tanis PJ, Nieweg OE, Valdes Olmos RA, Kroon BB. Anatomy and physiology of 
lymphatic drainage of the breast from the perspective of sentinel node biopsy. J Am Coll 
Surg 2001 Mar;192(3):399-409. 
(94) Grant RN, Tabah EJ, Adair FE. The surgical significance of the subareolar symph 
plexus in cancer of the breast. Surgery 1953 Jan;33(1):71-78. 
(95) Fisher BJ, Perera FE, Cooke AL, Opeitum A, Dar AR, Venkatesan VM, et al. 
Extracapsular axillary node extension in patients receiving adjuvant systemic therapy: an 
indication for radiotherapy? Int J Radiat Oncol Biol Phys 1997 Jun 1;38(3):551-559. 
(96) Gooch J, King TA, Eaton A, Dengel L, Stempel M, Corben AD, et al. The extent of 
extracapsular extension may influence the need for axillary lymph node dissection in 
patients with T1-T2 breast cancer. Ann Surg Oncol 2014 Sep;21(9):2897-2903. 
(97) Sivridis E, Giatromanolaki A, Galazios G, Koukourakis MI. Node-related factors and 
survival in node-positive breast carcinomas. Breast 2006 Jun;15(3):382-389. 
(98) Specht MC, Fey JV, Borgen PI, Cody HS,3rd. Is the clinically positive axilla in breast 
cancer really a contraindication to sentinel lymph node biopsy? J Am Coll Surg 2005 
Jan;200(1):10-14. 
(99) Krag DN, Weaver DL, Alex JC, Fairbank JT. Surgical resection and radiolocalization of 
the sentinel lymph node in breast cancer using a gamma probe. Surg Oncol 1993 
Dec;2(6):335-9; discussion 340. 
(100) Krag DN, Anderson SJ, Julian TB, Brown AM, Harlow SP, Costantino JP, et al. 
Sentinel-lymph-node resection compared with conventional axillary-lymph-node dissection 
in clinically node-negative patients with breast cancer: overall survival findings from the 
NSABP B-32 randomised phase 3 trial. Lancet Oncol 2010 Oct;11(10):927-933. 
(101) Mansel RE, Fallowfield L, Kissin M, Goyal A, Newcombe RG, Dixon JM, et al. 
Randomized multicenter trial of sentinel node biopsy versus standard axillary treatment in 
operable breast cancer: the ALMANAC Trial. J Natl Cancer Inst 2006 May 3;98(9):599-609. 
(102) Edge SB, Compton CC. The American Joint Committee on Cancer: the 7th edition of 
the AJCC cancer staging manual and the future of TNM. Ann Surg Oncol 2010 
Jun;17(6):1471-1474. 
(103) Leidenius M, Leivonen M, Vironen J, von Smitten K. The consequences of long-time 
arm morbidity in node-negative breast cancer patients with sentinel node biopsy or axillary 
clearance. J Surg Oncol 2005 Oct 1;92(1):23-31. 
80 
 
(104) McLaughlin SA, Wright MJ, Morris KT, Giron GL, Sampson MR, Brockway JP, et al. 
Prevalence of lymphedema in women with breast cancer 5 years after sentinel lymph node 
biopsy or axillary dissection: objective measurements. J Clin Oncol 2008 Nov 10;26(32):5213-
5219. 
(105) Grube BJ, Giuliano AE. Observation of the breast cancer patient with a tumor-positive 
sentinel node: implications of the ACOSOG Z0011 trial. Semin Surg Oncol 2001 Apr-
May;20(3):230-237. 
(106) Trocha SD, Giuliano AE. Sentinel node in the era of neoadjuvant therapy and locally 
advanced breast cancer. Surg Oncol 2003 Dec;12(4):271-276. 
(107) Katz A, Niemierko A, Gage I, Evans S, Shaffer M, Fleury T, et al. Can axillary 
dissection be avoided in patients with sentinel lymph node metastasis? J Surg Oncol 2006 
Jun 1;93(7):550-558. 
(108) Carlson GW, Wood WC. Management of axillary lymph node metastasis in breast 
cancer: making progress. JAMA 2011 Feb 9;305(6):606-607. 
(109) Goldberg JI, Wiechmann LI, Riedel ER, Morrow M, Van Zee KJ. Morbidity of sentinel 
node biopsy in breast cancer: the relationship between the number of excised lymph nodes 
and lymphedema. Ann Surg Oncol 2010 Dec;17(12):3278-3286. 
(110) Ahmed M, Purushotham AD, Horgan K, Klaase JM, Douek M. Meta-analysis of 
superficial versus deep injection of radioactive tracer and blue dye for lymphatic mapping 
and detection of sentinel lymph nodes in breast cancer. Br J Surg 2015 Feb;102(3):169-181. 
(111) Buscombe J, Paganelli G, Burak ZE, Waddington W, Maublant J, Prats E, et al. Sentinel 
node in breast cancer procedural guidelines. Eur J Nucl Med Mol Imaging 2007 
Dec;34(12):2154-2159. 
(112) Cody HS,3rd, Houssami N. Axillary management in breast cancer: what's new for 
2012? Breast 2012 Jun;21(3):411-415. 
(113) Jagsi R, Chadha M, Moni J, Ballman K, Laurie F, Buchholz TA, et al. Radiation field 
design in the ACOSOG Z0011 (Alliance) Trial. J Clin Oncol 2014 Nov 10;32(32):3600-3606. 
(114) Gentilini O, Veronesi U. Abandoning sentinel lymph node biopsy in early breast 
cancer? A new trial in progress at the European Institute of Oncology of Milan (SOUND: 
Sentinel node vs Observation after axillary UltraSouND). Breast 2012 Oct;21(5):678-681. 
(115) Reimer T, Hartmann S, Stachs A, Gerber B. Local treatment of the axilla in early breast 
cancer: concepts from the national surgical adjuvant breast and bowel project B-04 to the 
planned intergroup sentinel mamma trial. Breast Care (Basel) 2014 May;9(2):87-95. 
81 
 
(116) Harnan SE, Cooper KL, Meng Y, Ward SE, Fitzgerald P, Papaioannou D, et al. 
Magnetic resonance for assessment of axillary lymph node status in early breast cancer: a 
systematic review and meta-analysis. Eur J Surg Oncol 2011 Nov;37(11):928-936. 
(117) Cooper KL, Harnan S, Meng Y, Ward SE, Fitzgerald P, Papaioannou D, et al. Positron 
emission tomography (PET) for assessment of axillary lymph node status in early breast 
cancer: A systematic review and meta-analysis. Eur J Surg Oncol 2011 Mar;37(3):187-198. 
(118) Walsh R, Kornguth PJ, Soo MS, Bentley R, DeLong DM. Axillary lymph nodes: 
mammographic, pathologic, and clinical correlation. AJR Am J Roentgenol 1997 
Jan;168(1):33-38. 
(119) Pamilo M, Soiva M, Lavast EM. Real-time ultrasound, axillary mammography, and 
clinical examination in the detection of axillary lymph node metastases in breast cancer 
patients. J Ultrasound Med 1989 Mar;8(3):115-120. 
(120) Chetlen A, Nicholson B, Patrie JT, Harvey JA. Is screening detected bilateral axillary 
adenopathy on mammography clinically significant? Breast J 2012 Nov-Dec;18(6):582-587. 
(121) National Institute for Health and Clinical Excellence (NICE). Early and locally 
advanced breast cancer: diagnosis and treatment. 2009; Available at: 
https://www.nice.org.uk/guidance/cg80/evidence. Accessed March 4th, 2015. 
(122) Alvarez S, Anorbe E, Alcorta P, Lopez F, Alonso I, Cortes J. Role of sonography in the 
diagnosis of axillary lymph node metastases in breast cancer: a systematic review. AJR Am 
J Roentgenol 2006 May;186(5):1342-1348. 
(123) Houssami N, Ciatto S, Turner RM, Cody HS,3rd, Macaskill P. Preoperative 
ultrasound-guided needle biopsy of axillary nodes in invasive breast cancer: meta-analysis 
of its accuracy and utility in staging the axilla. Ann Surg 2011 Aug;254(2):243-251. 
(124) Houssami N, Diepstraten SC, Cody HS,3rd, Turner RM, Sever AR. Clinical utility of 
ultrasound-needle biopsy for preoperative staging of the axilla in invasive breast cancer. 
Anticancer Res 2014 Mar;34(3):1087-1097. 
(125) Cools-Lartigue J, Sinclair A, Trabulsi N, Meguerditchian A, Mesurolle B, Fuhrer R, et 
al. Preoperative axillary ultrasound and fine-needle aspiration biopsy in the diagnosis of 
axillary metastases in patients with breast cancer: predictors of accuracy and future 
implications. Ann Surg Oncol 2013 Mar;20(3):819-827. 
(126) Britton PD, Provenzano E, Barter S, Gaskarth M, Goud A, Moyle P, et al. Ultrasound 
guided percutaneous axillary lymph node core biopsy: how often is the sentinel lymph 
node being biopsied? Breast 2009 Feb;18(1):13-16. 
82 
 
(127) Deurloo EE, Tanis PJ, Gilhuijs KG, Muller SH, Kroger R, Peterse JL, et al. Reduction in 
the number of sentinel lymph node procedures by preoperative ultrasonography of the 
axilla in breast cancer. Eur J Cancer 2003 May;39(8):1068-1073. 
(128) Mainiero MB, Cinelli CM, Koelliker SL, Graves TA, Chung MA. Axillary ultrasound 
and fine-needle aspiration in the preoperative evaluation of the breast cancer patient: an 
algorithm based on tumor size and lymph node appearance. AJR Am J Roentgenol 2010 
Nov;195(5):1261-1267. 
(129) Britton PD, Goud A, Godward S, Barter S, Freeman A, Gaskarth M, et al. Use of 
ultrasound-guided axillary node core biopsy in staging of early breast cancer. Eur Radiol 
2009 Mar;19(3):561-569. 
(130) Garcia-Ortega MJ, Benito MA, Vahamonde EF, Torres PR, Velasco AB, Paredes MM. 
Pretreatment axillary ultrasonography and core biopsy in patients with suspected breast 
cancer: diagnostic accuracy and impact on management. Eur J Radiol 2011 Jul;79(1):64-72. 
(131) Yang WT, Chang J, Metreweli C. Patients with breast cancer: differences in color 
Doppler flow and gray-scale US features of benign and malignant axillary lymph nodes. 
Radiology 2000 May;215(2):568-573. 
(132) Misselt PN, Glazebrook KN, Reynolds C, Degnim AC, Morton MJ. Predictive value of 
sonographic features of extranodal extension in axillary lymph nodes. J Ultrasound Med 
2010 Dec;29(12):1705-1709. 
(133) Hieken TJ, Trull BC, Boughey JC, Jones KN, Reynolds CA, Shah SS, et al. Preoperative 
axillary imaging with percutaneous lymph node biopsy is valuable in the contemporary 
management of patients with breast cancer. Surgery 2013 Oct;154(4):831-8; discussion 838-
40. 
(134) Reyna C, Kiluk JV, Frelick A, Khakpour N, Laronga C, Lee MC. Impact of axillary 
ultrasound (AUS) on axillary dissection in breast conserving surgery (BCS). J Surg Oncol 
2015 Jun;111(7):813-818. 
(135) Farrell TP, Adams NC, Stenson M, Carroll PA, Griffin M, Connolly EM, et al. The 
Z0011 Trial: Is this the end of axillary ultrasound in the pre-operative assessment of breast 
cancer patients? Eur Radiol 2015 Mar 5. 
(136) Verheuvel NC, van den Hoven I, Ooms HW, Voogd AC, Roumen RM. The role of 
ultrasound-guided lymph node biopsy in axillary staging of invasive breast cancer in the 
post-ACOSOG Z0011 trial era. Ann Surg Oncol 2015 Feb;22(2):409-415. 
(137) Y LJT, McGowan K, Cooley G, McLaughlin R, Sugrue M. The role of ultrasound 
guided core biopsy of axillary nodes in predicting macrometastases and avoiding 
overtreatment outside ACOSOG Z0011 parameters. Breast 2015 Feb;24(1):57-61. 
83 
 
(138) Boland MR, Prichard RS, Daskalova I, Lowery AJ, Evoy D, Geraghty J, et al. Axillary 
nodal burden in primary breast cancer patients with positive pre-operative ultrasound 
guided fine needle aspiration cytology: Management in the era of ACOSOG Z011. Eur J 
Surg Oncol 2015 Apr;41(4):559-565. 
(139) Neal CH, Daly CP, Nees AV, Helvie MA. Can preoperative axillary US help exclude 
N2 and N3 metastatic breast cancer? Radiology 2010 Nov;257(2):335-341. 
(140) Rautiainen S, Sutela A, Joukainen S, Auvinen P, Kärjä V, Marjut L, et al. 
Rintasyöpäpotilaan kainalon kaikukuvaus ja muuttuvat kansainväliset hoitokäytännöt. 
Duodecim 2015;131(19):1803-10. 
(141) Davis JT, Brill YM, Simmons S, Sachleben BC, Cibull ML, McGrath P, et al. 
Ultrasound-guided fine-needle aspiration of clinically negative lymph nodes versus 
sentinel node mapping in patients at high risk for axillary metastasis. Ann Surg Oncol 2006 
Dec;13(12):1545-1552. 
(142) Genta F, Zanon E, Camanni M, Deltetto F, Drogo M, Gallo R, et al. Cost/accuracy ratio 
analysis in breast cancer patients undergoing ultrasound-guided fine-needle aspiration 
cytology, sentinel node biopsy, and frozen section of node. World J Surg 2007 
Jun;31(6):1155-1163. 
(143) Krishnamurthy S, Sneige N, Bedi DG, Edieken BS, Fornage BD, Kuerer HM, et al. Role 
of ultrasound-guided fine-needle aspiration of indeterminate and suspicious axillary lymph 
nodes in the initial staging of breast carcinoma. Cancer 2002 Sep 1;95(5):982-988. 
(144) van Rijk MC, Deurloo EE, Nieweg OE, Gilhuijs KG, Peterse JL, Rutgers EJ, et al. 
Ultrasonography and fine-needle aspiration cytology can spare breast cancer patients 
unnecessary sentinel lymph node biopsy. Ann Surg Oncol 2006 Jan;13(1):31-35. 
(145) Damera A, Evans AJ, Cornford EJ, Wilson AR, Burrell HC, James JJ, et al. Diagnosis of 
axillary nodal metastases by ultrasound-guided core biopsy in primary operable breast 
cancer. Br J Cancer 2003 Oct 6;89(7):1310-1313. 
(146) Topal U, Punar S, Tasdelen I, Adim SB. Role of ultrasound-guided core needle biopsy 
of axillary lymph nodes in the initial staging of breast carcinoma. Eur J Radiol 2005 
Dec;56(3):382-385. 
(147) Nori J, Bazzocchi M, Boeri C, Vanzi E, Nori Bufalini F, Mangialavori G, et al. Role of 
axillary lymph node ultrasound and large core biopsy in the preoperative assessment of 
patients selected for sentinel node biopsy. Radiol Med 2005 Apr;109(4):330-344. 
(148) Nathanson SD, Burke M, Slater R, Kapke A. Preoperative identification of the sentinel 
lymph node in breast cancer. Ann Surg Oncol 2007 Nov;14(11):3102-3110. 
84 
 
(149) Abe H, Schmidt RA, Kulkarni K, Sennett CA, Mueller JS, Newstead GM. Axillary 
lymph nodes suspicious for breast cancer metastasis: sampling with US-guided 14-gauge 
core-needle biopsy-clinical experience in 100 patients. Radiology 2009 Jan;250(1):41-49. 
(150) Rao R, Lilley L, Andrews V, Radford L, Ulissey M. Axillary staging by percutaneous 
biopsy: sensitivity of fine-needle aspiration versus core needle biopsy. Ann Surg Oncol 2009 
May;16(5):1170-1175. 
(151) Torres Sousa MY, Banegas Illescas ME, Rozas Rodriguez ML, Arias Ortega M, 
Gonzalez Lopez LM, Martin Garcia JJ, et al. Preoperative staging of axillary lymph nodes in 
breast cancer: ultrasonographic parameters and ultrasound-guided core needle biopsy. 
Radiologia 2011 Nov-Dec;53(6):544-551. 
(152) Caretta-Weyer H, Sisney GA, Beckman C, Burnside ES, Salkowsi LR, Strigel RM, et al. 
Impact of axillary ultrasound and core needle biopsy on the utility of intraoperative frozen 
section analysis and treatment decision making in women with invasive breast cancer. Am J 
Surg 2012 Sep;204(3):308-314. 
(153) Solon JG, Power C, Al-Azawi D, Duke D, Hill AD. Ultrasound-guided core biopsy: an 
effective method of detecting axillary nodal metastases. J Am Coll Surg 2012 Jan;214(1):12-
17. 
(154) Ahn HS, Kim SM, Jang M, La Yun B, Kim SW, Kang E, et al. Comparison of 
sonography with sonographically guided fine-needle aspiration biopsy and core-needle 
biopsy for initial axillary staging of breast cancer. J Ultrasound Med 2013 Dec;32(12):2177-
2184. 
(155) Ganott MA, Zuley ML, Abrams GS, Lu AH, Kelly AE, Sumkin JH, et al. Ultrasound 
Guided Core Biopsy versus Fine Needle Aspiration for Evaluation of Axillary 
Lymphadenopathy in Patients with Breast Cancer. ISRN Oncol 2014 Feb 4;2014:703160. 
(156) Yu YH, Mo QG, Zhu X, Gao LQ, Liang C, Huang Z, et al. Axillary fine needle 
aspiration cytology is a sensitive and highly specific technique for the detection of axillary 
lymph node metastasis: a meta-analysis and systematic review. Cytopathology 2014 Dec 11. 
(157) Cho N, Moon WK, Han W, Park IA, Cho J, Noh DY. Preoperative sonographic 
classification of axillary lymph nodes in patients with breast cancer: node-to-node 
correlation with surgical histology and sentinel node biopsy results. AJR Am J Roentgenol 
2009 Dec;193(6):1731-1737. 
(158) Humphrey KL, Saksena MA, Freer PE, Smith BL, Rafferty EA. To do or not to do: 




(159) Xiang D, Hong Y, Zhang B, Huang P, Li G, Wang P, et al. Contrast-enhanced 
ultrasound (CEUS) facilitated US in detecting lateral neck lymph node metastasis of thyroid 
cancer patients: diagnosis value and enhancement patterns of malignant lymph nodes. Eur 
Radiol 2014 Oct;24(10):2513-2519. 
(160) Poanta L, Serban O, Pascu I, Pop S, Cosgarea M, Fodor D. The place of CEUS in 
distinguishing benign from malignant cervical lymph nodes: a prospective study. Med 
Ultrason 2014 Mar;16(1):7-14. 
(161) Matsuzawa F, Einama T, Abe H, Suzuki T, Hamaguchi J, Kaga T, et al. Accurate 
diagnosis of axillary lymph node metastasis using contrast-enhanced ultrasonography with 
Sonazoid. Mol Clin Oncol 2015 Mar;3(2):299-302. 
(162) Ouyang Q, Chen L, Zhao H, Xu R, Lin Q. Detecting metastasis of lymph nodes and 
predicting aggressiveness in patients with breast carcinomas. J Ultrasound Med 2010 
Mar;29(3):343-352. 
(163) Szabo BK, Saracco A, Tanczos E, Aspelin P, Leifland K, Wilczek B, et al. Correlation of 
contrast-enhanced ultrasound kinetics with prognostic factors in invasive breast cancer. Eur 
Radiol 2013 Dec;23(12):3228-3236. 
(164) Goldberg BB, Merton DA, Liu JB, Thakur M, Murphy GF, Needleman L, et al. Sentinel 
lymph nodes in a swine model with melanoma: contrast-enhanced lymphatic US. 
Radiology 2004 Mar;230(3):727-734. 
(165) Sever A, Jones S, Cox K, Weeks J, Mills P, Jones P. Preoperative localization of sentinel 
lymph nodes using intradermal microbubbles and contrast-enhanced ultrasonography in 
patients with breast cancer. Br J Surg 2009 Nov;96(11):1295-1299. 
(166) Sever AR, Mills P, Jones SE, Cox K, Weeks J, Fish D, et al. Preoperative sentinel node 
identification with ultrasound using microbubbles in patients with breast cancer. AJR Am J 
Roentgenol 2011 Feb;196(2):251-256. 
(167) Sever AR, Mills P, Jones SE, Mali W, Jones PA. Sentinel node identification using 
microbubbles and contrast-enhanced ultrasonography. Clin Radiol 2012a Jul;67(7):687-694. 
(168) Sever AR, Mills P, Weeks J, Jones SE, Fish D, Jones PA, et al. Preoperative needle 
biopsy of sentinel lymph nodes using intradermal microbubbles and contrast-enhanced 
ultrasound in patients with breast cancer. AJR Am J Roentgenol 2012b Aug;199(2):465-470. 
(169) Omoto K, Matsunaga H, Take N, Hozumi Y, Takehara M, Omoto Y, et al. Sentinel 
node detection method using contrast-enhanced ultrasonography with sonazoid in breast 
cancer: preliminary clinical study. Ultrasound Med Biol 2009 Aug;35(8):1249-1256. 
86 
 
(170) Barentsz MW, Verkooijen HM, Pijnappel RM, Fernandez MA, van Diest PJ, van der 
Pol CC, et al. Sentinel lymph node localization with contrast-enhanced ultrasound and an I-
125 seed: An ideal prospective development study. Int J Surg 2015 Feb;14:1-6. 
(171) Britton P, Moyle P, Benson JR, Goud A, Sinnatamby R, Barter S, et al. Ultrasound of 
the axilla: where to look for the sentinel lymph node. Clin Radiol 2010 May;65(5):373-376. 
(172) Baltzer PA, Dietzel M, Burmeister HP, Zoubi R, Gajda M, Camara O, et al. Application 
of MR mammography beyond local staging: is there a potential to accurately assess axillary 
lymph nodes? evaluation of an extended protocol in an initial prospective study. AJR Am J 
Roentgenol 2011 May;196(5):W641-7. 
(173) Scaranelo AM, Eiada R, Jacks LM, Kulkarni SR, Crystal P. Accuracy of unenhanced 
MR imaging in the detection of axillary lymph node metastasis: study of reproducibility 
and reliability. Radiology 2012 Feb;262(2):425-434. 
(174) Fornasa F, Nesoti MV, Bovo C, Bonavina MG. Diffusion-weighted magnetic resonance 
imaging in the characterization of axillary lymph nodes in patients with breast cancer. J 
Magn Reson Imaging 2012 Oct;36(4):858-864. 
(175) He N, Xie C, Wei W, Pan C, Wang W, Lv N, et al. A new, preoperative, MRI-based 
scoring system for diagnosing malignant axillary lymph nodes in women evaluated for 
breast cancer. Eur J Radiol 2012 Oct;81(10):2602-2612. 
(176) Luo N, Su D, Jin G, Liu L, Zhu X, Xie D, et al. Apparent diffusion coefficient ratio 
between axillary lymph node with primary tumor to detect nodal metastasis in breast 
cancer patients. J Magn Reson Imaging 2013 Oct;38(4):824-828. 
(177) Chung J, Youk JH, Kim JA, Gweon HM, Kim EK, Ryu YH, et al. Role of diffusion-
weighted MRI: predicting axillary lymph node metastases in breast cancer. Acta Radiol 
2014 Oct;55(8):909-916. 
(178) Yamaguchi K, Schacht D, Nakazono T, Irie H, Abe H. Diffusion weighted images of 
metastatic as compared with nonmetastatic axillary lymph nodes in patients with newly 
diagnosed breast cancer. J Magn Reson Imaging 2015 Sep;42(3):771-778. 
(179) Kim EJ, Kim SH, Kang BJ, Choi BG, Song BJ, Choi JJ. Diagnostic value of breast MRI 
for predicting metastatic axillary lymph nodes in breast cancer patients: diffusion-weighted 
MRI and conventional MRI. Magn Reson Imaging 2014 Dec;32(10):1230-1236. 
(180) Arponen O, Masarwah A, Taina M, Rautiainen S, Könönen M, Sironen R, et al. 
Diffusion-Weighted Imaging in 3.0 Tesla Breast MRI: Diagnostic Performance and Tumor 
Characterization Using Small Subregions vs. Whole Tumor Regions of Interest. PLoS One 
2015 Oct 12;10(10):e0138702. 
87 
 
(181) Ma B, Meyer CR, Pickles MD, Chenevert TL, Bland PH, Galban CJ, et al. Voxel-by-
voxel functional diffusion mapping for early evaluation of breast cancer treatment. Inf 
Process Med Imaging 2009;21:276-287. 
(182) Sever AR, Mills P, Hyvelin JM, Weeks J, Gumus H, Fish D, et al. Percutaneous 
removal of sentinel lymph nodes in a swine model using a breast lesion excision system 
and contrast-enhanced ultrasound. Eur Radiol 2012c Mar;22(3):545-550. 
(183) Taylor K, O'Keeffe S, Britton PD, Wallis MG, Treece GM, Housden J, et al. Ultrasound 
elastography as an adjuvant to conventional ultrasound in the preoperative assessment of 
axillary lymph nodes in suspected breast cancer: a pilot study. Clin Radiol 2011 
Nov;66(11):1064-1071. 
(184) Wojcinski S, Dupont J, Schmidt W, Cassel M, Hillemanns P. Real-time ultrasound 
elastography in 180 axillary lymph nodes: elasticity distribution in healthy lymph nodes 
and prediction of breast cancer metastases. BMC Med Imaging 2012 Dec 19;12:35-2342-12-
35. 
(185) Menezes GL, Knuttel FM, Stehouwer BL, Pijnappel RM, van den Bosch MA. Magnetic 
resonance imaging in breast cancer: A literature review and future perspectives. World J 
Clin Oncol 2014 May 10;5(2):61-70. 
(186) Baltzer PA, Schafer A, Dietzel M, Grassel D, Gajda M, Camara O, et al. Diffusion 
tensor magnetic resonance imaging of the breast: a pilot study. Eur Radiol 2011 Jan;21(1):1-
10. 
(187) Partridge SC, Ziadloo A, Murthy R, White SW, Peacock S, Eby PR, et al. Diffusion 
tensor MRI: preliminary anisotropy measures and mapping of breast tumors. J Magn Reson 
Imaging 2010 Feb;31(2):339-347. 
(188) Korteweg MA, Veldhuis WB, Mali WP, Diepstraten SC, Luijten PR, van den Bosch 
MA, et al. Investigation of lipid composition of dissected sentinel lymph nodes of breast 
cancer patients by 7T proton MR spectroscopy. J Magn Reson Imaging 2012 Feb;35(2):387-
392. 
(189) Yeung DK, Yang WT, Tse GM. Breast cancer: in vivo proton MR spectroscopy in the 
characterization of histopathologic subtypes and preliminary observations in axillary node 
metastases. Radiology 2002 Oct;225(1):190-197. 
(190) Will O, Purkayastha S, Chan C, Athanasiou T, Darzi AW, Gedroyc W, et al. Diagnostic 
precision of nanoparticle-enhanced MRI for lymph-node metastases: a meta-analysis. 
Lancet Oncol 2006 Jan;7(1):52-60. 
(191) Nakai G, Matsuki M, Harada T, Tanigawa N, Yamada T, Barentsz J, et al. Evaluation 
of axillary lymph nodes by diffusion-weighted MRI using ultrasmall superparamagnetic 
88 
 
iron oxide in patients with breast cancer: initial clinical experience. J Magn Reson Imaging 
2011 Sep;34(3):557-562. 
(192) Douek M, Klaase J, Monypenny I, Kothari A, Zechmeister K, Brown D, et al. Sentinel 
node biopsy using a magnetic tracer versus standard technique: the SentiMAG Multicentre 
Trial. Ann Surg Oncol 2014 Apr;21(4):1237-1245. 
(193) Sugie T, Sawada T, Tagaya N, Kinoshita T, Yamagami K, Suwa H, et al. Comparison 
of the indocyanine green fluorescence and blue dye methods in detection of sentinel lymph 
nodes in early-stage breast cancer. Ann Surg Oncol 2013 Jul;20(7):2213-2218. 
(194) Hollerweger A, Macheiner P, Hubner E, Gritzmann N. Axillary sentinel lymph-node 
biopsy: gamma probe assisted sonographic localisation. Ultraschall Med 2006 Feb;27(1):34-
39. 
(195) Fisher B, Jeong JH, Anderson S, Bryant J, Fisher ER, Wolmark N. Twenty-five-year 
follow-up of a randomized trial comparing radical mastectomy, total mastectomy, and total 
mastectomy followed by irradiation. N Engl J Med 2002 Aug 22;347(8):567-575. 
(196) Cools-Lartigue J, Meterissian S. Accuracy of axillary ultrasound in the diagnosis of 
nodal metastasis in invasive breast cancer: a review. World J Surg 2012 Jan;36(1):46-54. 
(197) O'Flynn EA, Wilson AR, Michell MJ. Image-guided breast biopsy: state-of-the-art. Clin 
Radiol 2010 Apr;65(4):259-270. 
(198) Fletcher R FS editor. Clinical epidemiology: The Essentials.  4th ed. Baltimore, Md: 
Lippincott Williams & Wilkins; 2005. 
(199) Newcombe RG. Two-sided confidence intervals for the single proportion: comparison 
of seven methods. Stat Med 1998 Apr 30;17(8):857-872. 
(200) Sapino A, Cassoni P, Zanon E, Fraire F, Croce S, Coluccia C, et al. 
Ultrasonographically-guided fine-needle aspiration of axillary lymph nodes: role in breast 
cancer management. Br J Cancer 2003 Mar 10;88(5):702-706. 
(201) Koelliker SL, Chung MA, Mainiero MB, Steinhoff MM, Cady B. Axillary lymph nodes: 
US-guided fine-needle aspiration for initial staging of breast cancer--correlation with 
primary tumor size. Radiology 2008 Jan;246(1):81-89. 
(202) Abe H, Schmidt RA, Sennett CA, Shimauchi A, Newstead GM. US-guided core needle 
biopsy of axillary lymph nodes in patients with breast cancer: why and how to do it. 
Radiographics 2007 Oct;27 Suppl 1:S91-9. 
(203) Solon JG, Power C, Al-Azawi D, Duke D, Hill AD. Ultrasound-guided core biopsy: an 




(204) Gainer SM, Hunt KK, Beitsch P, Caudle AS, Mittendorf EA, Lucci A. Changing 
behavior in clinical practice in response to the ACOSOG Z0011 trial: a survey of the 
American Society of Breast Surgeons. Ann Surg Oncol 2012 Oct;19(10):3152-3158. 
(205) Caudle AS, Hunt KK, Tucker SL, Hoffman K, Gainer SM, Lucci A, et al. American 
College of Surgeons Oncology Group (ACOSOG) Z0011: impact on surgeon practice 
patterns. Ann Surg Oncol 2012 Oct;19(10):3144-3151. 
(206) Knauer M, Gnant M, Fitzal F. Results of the First Austrian Multidisciplinary Expert 
Panel on Controversies in Local Treatment of Breast Cancer. Breast Care (Basel) 2012 
Feb;7(1):61-66. 
(207) Giuliano AE, Morrow M, Duggal S, Julian TB. Should ACOSOG Z0011 change 
practice with respect to axillary lymph node dissection for a positive sentinel lymph node 
biopsy in breast cancer? Clin Exp Metastasis 2012 Oct;29(7):687-692. 
(208) Latosinsky S, Berrang TS, Cutter CS, George R, Olivotto I, Julian TB, et al. CAGS and 
ACS Evidence Based Reviews in Surgery. 40. Axillary dissection versus no axillary 
dissection in women with invasive breast cancer and sentinel node metastasis. Can J Surg 
2012 Feb;55(1):66-69. 
(209) Kim T, Giuliano AE, Lyman GH. Lymphatic mapping and sentinel lymph node 
biopsy in early-stage breast carcinoma: a metaanalysis. Cancer 2006 Jan 1;106(1):4-16. 
(210) Weiser MR, Montgomery LL, Tan LK, Susnik B, Leung DY, Borgen PI, et al. 
Lymphovascular invasion enhances the prediction of non-sentinel node metastases in 
breast cancer patients with positive sentinel nodes. Ann Surg Oncol 2001 Mar;8(2):145-149. 
(211) Mariani G, Moresco L, Viale G, Villa G, Bagnasco M, Canavese G, et al. Radioguided 
sentinel lymph node biopsy in breast cancer surgery. J Nucl Med 2001 Aug;42(8):1198-1215. 
(212) Rautiainen S, Masarwah A, Sudah M, Sutela A, Pelkonen O, Joukainen S, et al. 
Axillary lymph node biopsy in newly diagnosed invasive breast cancer: comparative 
accuracy of fine-needle aspiration biopsy versus core-needle biopsy. Radiology 2013 
Oct;269(1):54-60. 
(213) Moffat BA, Chenevert TL, Lawrence TS, Meyer CR, Johnson TD, Dong Q, et al. 
Functional diffusion map: a noninvasive MRI biomarker for early stratification of clinical 
brain tumor response. Proc Natl Acad Sci U S A 2005 Apr 12;102(15):5524-5529. 
(214) Hahn SY, Ko EY, Han BK, Shin JH, Ko ES. Role of diffusion-weighted imaging as an 
adjunct to contrast-enhanced breast MRI in evaluating residual breast cancer following 
neoadjuvant chemotherapy. Eur J Radiol 2014 Feb;83(2):283-288. 
90 
 
(215) Diepstraten SC, Sever AR, Buckens CF, Veldhuis WB, van Dalen T, van den Bosch 
MA, et al. Value of preoperative ultrasound-guided axillary lymph node biopsy for 
preventing completion axillary lymph node dissection in breast cancer: a systematic review 
and meta-analysis. Ann Surg Oncol 2014 Jan;21(1):51-59. 
(216) Li B, Li Q, Nie W, Liu S. Diagnostic value of whole-body diffusion-weighted magnetic 
resonance imaging for detection of primary and metastatic malignancies: A meta-analysis. 
Eur J Radiol 2014 Feb;83(2):338-344. 
(217) Houssami N, Turner RM. Staging the axilla in women with breast cancer: the utility of 
preoperative ultrasound-guided needle biopsy. Cancer Biol Med 2014 Jun;11(2):69-77. 
(218) Nadeem RM. The feasibility of a randomised controlled trial for the axillary 
management of a select group of invasive breast cancer patients: SLNB vs. no-SLNB. Breast 
Cancer 2015 Jul;22(4):343-349. 
(219) Cox K, Sever A, Jones S, Weeks J, Mills P, Devalia H, et al. Validation of a technique 
using microbubbles and contrast enhanced ultrasound (CEUS) to biopsy sentinel lymph 
nodes (SLN) in pre-operative breast cancer patients with a normal grey-scale axillary 
ultrasound. Eur J Surg Oncol 2013 Jul;39(7):760-765. 
(220) Boughey JC, Middleton LP, Harker L, Garrett B, Fornage B, Hunt KK, et al. Utility of 
ultrasound and fine-needle aspiration biopsy of the axilla in the assessment of invasive 
lobular carcinoma of the breast. Am J Surg 2007 Oct;194(4):450-455. 
(221) Topps A, Clay V, Absar M, Howe M, Lim Y, Johnson R, et al. The sensitivity of pre-
operative axillary staging in breast cancer: comparison of invasive lobular and ductal 
carcinoma. Eur J Surg Oncol 2014 Jul;40(7):813-817. 
(222) Cserni G, Bianchi S, Vezzosi V, Peterse H, Sapino A, Arisio R, et al. The value of 
cytokeratin immunohistochemistry in the evaluation of axillary sentinel lymph nodes in 
patients with lobular breast carcinoma. J Clin Pathol 2006 May;59(5):518-522. 
(223) Hackney L, Williams S, Bajwa S, Morley-Davies AJ, Kirby RM, Britton I. Influence of 
tumor histology on preoperative staging accuracy of breast metastases to the axilla. Breast J 
2013 Jan-Feb;19(1):49-55. 
(224) Rautiainen S, Kononen M, Sironen R, Masarwah A, Sudah M, Hakumaki J, et al. 
Preoperative Axillary Staging with 3.0-T Breast MRI: Clinical Value of Diffusion Imaging 
and Apparent Diffusion Coefficient. PLoS One 2015 Mar 30;10(3):e0122516. 
(225) Straalman K, Kristoffersen US, Galatius H, Lanng C. Factors influencing sentinel 
lymph node identification failure in breast cancer surgery. Breast 2008 Apr;17(2):167-171. 
91 
 
(226) Rue Nielsen K, Klyver H, Hougaard Chakera A, Nedergaard L, Hesse B, Bachmann 
Nielsen M. Sentinel node detection in melanomas using contrast-enhanced ultrasound. 
Acta Radiol 2009 May;50(4):412-417. 
(227) Lyman GH, Temin S, Edge SB, Newman LA, Turner RR, Weaver DL, et al. Sentinel 
lymph node biopsy for patients with early-stage breast cancer: American Society of Clinical 
Oncology clinical practice guideline update. J Clin Oncol 2014 May 1;32(13):1365-1383. 
(228) Galimberti V, Cole BF, Zurrida S, Viale G, Luini A, Veronesi P, et al. Axillary 
dissection versus no axillary dissection in patients with sentinel-node micrometastases 
(IBCSG 23-01): a phase 3 randomised controlled trial. Lancet Oncol 2013 Apr;14(4):297-305. 
  
Publications of the University of Eastern Finland
Dissertations in Health Sciences
isbn 978-952-61-1899-4
Publications of the University of Eastern Finland






























Staging in Invasive 
Breast Cancer Suvi Rautiainen
Preoperative Axillary 
Staging in Invasive 
Breast Cancer
Axillary involvement is an important 
prognostic factor for breast cancer. 
This prospective study investigated 
the accuracy of preoperative tools in 
axillary staging; percutaneous needle 
biopsies, diffusion weighted imaging 
(DWI) and contrast-enhanced ultra-
sound (CEUS). This thesis revealed 
that core biopsy is more accurate 
than fine needle aspiration and it 
reduces the need for sentinel lymph 
node biopsy. Moreover, DWI and 
CEUS-guided biopsy, have moderate 
diagnostic properties but more stud-
ies will be needed before introducing 
these methods into routine clinical 
practice.
